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Abstract

The modes of linear time invariant mechanical systems can be estimated from output-only vibration measurements
under ambient excitation conditions with subspace-based system identification methods. In the presence of additional
unmeasured periodic excitation, for example due to rotating machinery, the measurements can be described by a
state-space model where the periodic input dynamics appear as a subsystem in addition to the structural system of
interest. While subspace identification is still consistent in this case, the periodic input may render the modal parameter
estimation difficult, and periodic modes often disturb the estimation of close structural modes. The aim of this work is
to develop a subspace identification method for the estimation of the structural parameters while rejecting the influence
of the periodic input. In the proposed approach, the periodic information is estimated from the data with a non-steady
state Kalman filter, and then removed from the original output signal by an orthogonal projection. Consequently, the
parameters of the periodic subsystem are rejected from the estimates, and it is shown that the modes of the structural
system are consistently estimated. Furthermore, standard data analysis procedures, like the stabilization diagram, are
easier to interpret. The proposed method is validated on Monte Carlo simulations and applied to both a laboratory
example and a full-scale structure in operation.

Keywords: Operational modal analysis, Ambient excitation, Periodic excitation, Non-steady state Kalman filter,
Subspace system identification

1. Introduction

The estimation of modal parameters from output-only vibration measurements is the fundamental task of Opera-
tional Modal Analysis (OMA). Therein, system identification methods are frequently used to estimate the eigenstruc-
ture of a linear system from the accelerations, displacements, velocities or strains recorded on the structure during
ambient excitation conditions [1]. Often, the ambient excitation is assumed to be white and stationary, which is some-
times violated, in particular in the presence of periodic movement of rotating machinery on a structure during its
operation. Then both ambient and unmeasured periodic forces act on the structure, and the outputs of the correspond-
ing system are described by both the structural system dynamics as well as the dynamics of the periodic excitation.
This might render OMA difficult in practice, since the identified eigenstructure then contains a mix of periodic and
structural modes [2]. Moreover, when structural and periodic modes are close, the correct identification of the struc-
tural parameters may become a problem [3]. The aim of this paper is to develop a subspace identification method for
the consistent estimation of the structural modal parameters while rejecting the influence of the unmeasured periodic
excitation.

Two classes of methods are commonly used for OMA under periodic excitation. In the first class, the periodic
subsignal is separated from the random response signal, and subsequently the modal parameters are estimated with
classical methods. For example, time-synchronous-averaging (TSA) is a method extracting periodic waveforms from
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signals by averaging their blocks synchronized in the angular domain. For OMA, this averaged signal is subtracted
from the raw measurements, which results in the removal of the periodic frequencies selected to synchronize the blocks
[4]. Angle matching is often achieved with tachometer measurements, which is not practical in real-life applications
and was attempted to be overcome in the context of TSA in [5]. A family of methods that does not require tachometer
measurements is based on the cepstrum, which is an inverse Fourier transform of the logarithm of spectrum. A number
of applications of cepstral lifters to harmonic removal can be found in [6, 7]. Although the cepstrum is capable to
filter the periodic frequency components out of the spectra of the output data, its empirical premise does not ensure
the consistency of the resulting modal parameter estimates. Another group of methods uses a parametric approach
to estimate periodic subsignals and removes them from the raw measurements, using for example the Gauss-Newton
algorithm [8], or parametric frequency modulation [9].

The second method class comprises techniques that are robust towards intricate input conditions. For example,
some methods relax the assumption of random white noise excitation to arbitrary signals, e.g., colored noise, or white
noise with periodic components [10, 11]. In [2, 10-13] the authors explore the use of a combination of transmissibility
functions under different loading conditions (location or amplitude) to estimate the eigenstructure of the system under
white noise excitation mixed with a periodic subsignal. However, the approach proposed therein imposes additional
constraints on the system inputs that are not present in classical system identification methods. For example, distinc-
tive excitation conditions are required whose number is known and smaller than the number of output locations [11],
which cannot always be ensured in OMA in practice.

A group of classical system identification methods that are well adapted for OMA are stochastic subspace-based
methods [14, 15]. They have been proved to enjoy non-stationary consistency [16], as well as practical aspects
like computational efficiency [17] and explicit variance expressions of the identified parameters [18—20] under the
white noise assumption. However, when both random and periodic inputs are present, the system output is not
strictly ergodic and the output covariances of the system depend on the initial conditions [21, 22]. Since the subspace
parameter estimates rely on the output covariances and ergodicity is not given, the consistency of subspace methods
is not evident in this setting. In [23] the authors prove consistency of both system and oscillatory parameters for
estimates from a covariance-based subspace identification method. This fact can be used to discard the periodic poles
of the system based on the consistent estimate of its eigenstructure, which was illustrated on a theoretical example in
[24].

The current paper builds upon this work with the aim to develop a robust subspace method in the context of
OMA for the identification of structural modes while rejecting the periodic contribution of the signals. The system
matrices of the underlying state space model are time-invariant, and the unmeasured periodic excitation is assumed to
be a superposition of sinusoids. The proposed approach operates in the data-driven output-only stochastic subspace
identification framework. The periodic excitation is modeled as a part of the system states, thus it can be optimally
estimated from the data with a non-steady state Kalman filter. A subspace algorithm is proposed, where the raw output
data are projected on the orthogonal complement of the estimated periodic sequence in order to remove the latter from
the raw data. This is particularly useful when the periodic modes are close to structural modes, or when they are
of high energy and then may mask the system response to the random part of the input. Subsequently, the periodic
excitation parameters are rejected from the resulting estimates of the system matrices in subspace identification based
on the projected signal, and the eigenstructure of the underlying structural system is properly identified.

This paper is organized as follows. The background and modeling of the considered problem is given in Section
2. The proposed method for the removal of the periodic subsignal and subsequent subspace identification is derived
in Section 3, including a proof of the consistency of the method. The method is validated on Monte Carlo simulations
in Section 4. An application to two experimental cases is reported in Section 5, namely to a plate in the laboratory
and to a full-scale ship in operation.

2. Problem statement

In this section, the vibration model is recalled, and the impact of the periodic excitation on the models and identi-
fied parameters is stated. The latter is illustrated by Monte Carlo simulations of a mass-spring chain system.



2.1. Stochastic system models and parameters

Assume that the vibration behavior of a viscously damped, linear time-invariant (LTI) structural system with m
degrees of freedom is described by the differential equation

Mg(1) + C4(1) + Kq(r) = £(1) ey

where ¢ denotes continuous time, and M, C, K € R™™ denote mass, damping and stiffness matrices, respectively.
Vectors g(f) € R™ and f(r) € R™ contain the continuous-time displacements and the unmeasured external forces,
respectively. Let system (1) be observed by sensors measuring, e.g., accelerations, velocities or displacements, at r
degrees of freedom (DOF) of the structure, collected in the vector

y(@) = Cag(t) + Cyq(1) + Caq(t) + 9(1) @

where y(7) € R" is the output vector, ¥(¢) € R” denotes the sensor noise, and matrices C,, C,, C; € R™™" select the
respective type of the output at the measurement DOFs.

When defining the states x(f) = [g(1)T ¢@®)T]7 € R?", the structural system model (1) with output equation (2)
yields the continuous-time state space model

x(1) = A2 x(1) + w(?), 3)
y(@) = C™x(6) + v(1), )

where the state matrix A} € R*™2" observation matrix C®* € R™?", process noise w(f) € R*" and output noise
v(t) € R” are

0 1

sys _
A= v —moie

}, CY =[Cy= CM'K Cy = CMTIC|, wit) = [A/?_l]f(t),

and v(r) = C, M '£(¢) + ¥(¢), where the model order is n = 2m. When sampled at discrete time instants ¢ = k1, where
7 is the time step and & is an integer, the resulting discrete-time state space model is given by [25]

Xier1 = A X + wy, S)
Vi = C¥x + g, (6)

where x; = x(kt) € R?>" are the discrete states and A®YS = exp(AZyST) € R¥™<2m ig the state transition matrix. Note
that the index (-)*¥* indicates here that the respective parameter refers in particular to the structural system, which is
distinguished from the periodic part denoted by (-)P*' later on in the paper. The discrete process noise wy and output
noise v are assumed to be zero-mean white noise vectors with finite fourth order moments. For simplicity, assume in
addition that they are Gaussian. Their covariance matrix is given by

el )=

Matrices A% and C** are of particular interest since they are used to identify the modal parameters of the structure.
They can be estimated from data {y;} with subspace identification methods, based on the column space of an adequate
projection of the data sequences [14, 20]. The i-th natural frequency f°, damping ratio £;** and mode shape ¢;"* of
the underlying structural system are related to the eigenvalue 47" and eigenvector ¢;”* of A%* by

or = 0.

Mi?S' Sys _%(/1218) sys SVS 4SS
o g,'y = |/lsys| > ‘P,’y = C‘yA¢;ys7 @)

fsys —
i

where the i-th eigenvalue A’;" of the continuous-time system yields exp(/lzly.sr) =2,



2.2. Impact of mixed random and periodic excitation on the state-space model

In this section, the influence of unmeasured periodic excitation on the classical formulation of the state-space
model (5)—(6) and its parameters is developed and illustrated on a numerical example.

Assume that a deterministic periodic force u(¢) acts on the system in addition to the random noise input w(¢). For
simplicity of notation let this periodic force be one-dimensional, i.e., u(f) € R, and let 5, € R” be an index vector
containing 0’s and 1’s, indicating at which degree(s) of freedom the periodic force acts on the structure. Denote the
resulting states as xzys, containing the displacements and velocities at the DOFs of the structure under both unknown

noise and periodic forces. Then, the continuous-time state space model (3)—(4) becomes

() = A1) + bu(t) + w(@), 8)
(1) = C¥X™3(1) + du(r) + v(2), )

where
b= [/\2—'} s, €R™ d=C,M s, eR".

Since the periodic force u(f) is unmeasured, it is the goal to eliminate it from the state space model and include
its effects in the system matrices and in the state vector. Assuming that the periodic force contains & frequency

components of the shape
h

u(t) = ) asin(wit + ). (10)
i=1
where a;, g;, w; € R are (unknown) amplitude, shift and circular frequencies of the periodic input components, then
these components can become part of a combined state vector in order to eliminate the periodic input component in
model (8)—(9), as follows. Define

ap sin(wt + g1) wiay cos(wit + g1)

ay cos(wit + gl) —wia; sin(w;t + 81)
XP(f) = : e R?, thus #°(f) = :

ay, sin(wpt + gh) wpay cos(wpt + gh)

ay, cos(wpt + gh) —wpay, sin(wyt + gh)

The relationship between xP*'(¢) and xP*'(¢) follows as

an

W(r) = AP xP(r), where AY" = diag(H,...,H,) and H; = [ 0 w,},

—Wj 0
and the relationship between u(f) and xP(¥) is given by u(t) = s,xP°'(r), where s, = [1 0 ... 1 0] € R™2" Thus,

defining AP = bs;, € R?™?" and CP*" = ds;, € R™?", the state space model (8)—(9) containing the unmeasured periodic
input u(f) can be equivalently rewritten as a combined state space model without the periodic input as

@) AP AP ][ w(t)
] e et "
sys
Y1) = [Csys CPer] [ipergg

where the model order is n = 2(m + h). Note that due to the upper right block structure of the state matrix, the
eigenvalues of the combined system are the combined sets of eigenvalues of A;° and of AP, While the eigenvectors
of the combined state matrix regarding the structural part become [¢?yST 0]”, the resulting mode shapes are ¢;"", as in
system (8)—(9).

Sampling model (12)-(13) at discrete time instants ¢ = k7 yields the combined discrete-time state-space model

+v(1), (13)

o AYs AP ][] [wy
k+l| — k
=l a5 (o
sys
X
k= [C¥ CPer [k + Vi, (15)
[ ] xzer
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where the combined system matrix yields

A AP A AP
0 avr| TP\l o AP|T)

Recall that the first 2m components of the process noise are related to the ambient excitation of the system, while the
deterministic periodic excitation is translated into the states x;  as shown above.

The eigenvalues of A%Y* and AP®" are denoted by /l?ysjjys, i=1,...,m, and /lfer,fer, i =1,...,h, respectively.
The eigenvalues of the structural system yield I/I?y °| < 1, while the eigenvalues of the periodic part of the system are
situated on the unitary circle, i.e., I/Iferl = 1. Hence both kinds of modes can be distinguished in the combined state
matrix. Moreover, the periodic excitation (10) corresponds to undamped modes of the periodic part of the continuous-
time system as can be seen in Equations (11) and (12), i.e., R(2%") = 0.

These properties are illustrated in the context of a system subjected to mixed random and periodic excitation in
the following section.

2.3. Illustrative example

Consider a 6 DOF mass-spring chain system that, for any consistent set of units, is modeled with spring stiffness
ki = k3 = ks = 100 and k, = k4 = k¢ = 200, mass of each element m; = 1/20 and a proportional damping matrix such
that each mode has a damping ratio of {fys = 3%. The system is subjected to white noise excitation in all DOFs and
sampled with a frequency of 50 Hz for 2000 seconds. An additional sinusoidal excitation with a frequency of 8.69
Hz, close to the third natural frequency of the system, is applied at all DOFs. This excitation is devised to mimic a
periodic input from, e.g., an engine rotating at a constant speed. The resulting acceleration responses are obtained at
DOFs 1, 2 and 5. Gaussian white noise with 5% of the standard deviation of the output is added to the response at
each channel.

The modal parameters of the combined system model including the periodic part are depicted in Table 1. The
resulting eigenvalues of the discrete-time system and the respective continuous-time system are shown in the complex
plane in Figure 1. It can be seen that the periodic and the system poles can indeed be distinguished in the complex
plane. This fact will be used to estimate the periodic states and consequently the periodic subsignal of the output with
the method proposed in this paper.

Table 1: Exact modal parameters of the chain system, and properties of the periodic excitation.

Natural frequency (Hz) Damping ratio (%)
Sys Sys Sys Sys Sys Sys per Sys Sys Sys Sys Sys Sys per
/i 5 /5 Iy I J6 1 1 2 4 4 5 6 g

193 5.62 868 1449 1585 17.01 869 3 3 3 3 3 3 0

~
poles of A%
§. N poles of AP
N [
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o, °
A
A}
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Figure 1: Discrete-time and continues-time poles of the system from (12) and (14) respectively.
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Figure 2: Two largest singular values of PSD matrix from output data of the system subjected to random (left) and mixed random and periodic
(right) excitation.
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Figure 3: Estimates of natural frequency and damping ratio from one simulation. Model order 12 (left) and 14 (right).

Furthermore, the presence of periodic poles can be seen in the Power Spectral Density (PSD) of the data [26].
Figure 2 shows the two largest singular values of the PSD matrix constructed from the structural responses with and
without the periodic excitation. It can be observed that the fundamental frequency of the periodic excitation manifests
as a sharp spike in the output power spectra. However, since its frequency is close to a system pole, both poles cannot
be easily distinguished visually from the PSD plot.

The next example illustrates the estimation of the natural frequencies and damping ratios by a Monte Carlo exper-
iment with 1000 simulations. The output-only data driven subspace-based system identification with the unweighted
principal component (SSI-UPC) [14, 15] is deployed, using 30 time lags for the data Hankel matrix and estimating
the system matrices at model orders of 12 and 14. For both model orders, the respective sets of modes are tracked in
each simulation. The estimates of the natural frequency and damping ratio from one simulation are depicted in Figure
3. Based on all simulations, Figures 4 and 5 show the histograms of the natural frequencies and the damping ratios of
the mode closest to the periodic frequency for both model orders of 12 and 14.

Recall that model order 12 corresponds to the structural system, and model order 14 corresponds to the combined
system with the periodic mode. When the mode close to the periodic mode is estimated at model order 12, it can be
observed in the left parts of Figures 3-5 that its frequency and damping ratio estimates are in between the structural
mode (at 8.68 Hz and 3% damping) and the periodic mode (at 8.69 Hz and 0% damping). When estimating the mode
at model order 14, the mean values of the histogram of the natural frequency and the damping ratio in the right parts of
Figures 4 and 5 are close to the exact values. This infers that by augmenting the exact model order to account for the
periodic pole, both the system and periodic parameters are consistently estimated, which agrees with the state-space

model proposed in (14) and (15) in the previous section. This fact is used in the method proposed in the following
section.
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Figure 4: Histograms of the natural frequency of the third mode identified with model order 12 (left) and 14 (right).
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Figure 5: Histograms of the damping ratio of the third mode identified with model order 12 (left) and 14 (right).

3. Subspace-based system identification under mixed periodic and random excitation

As shown in the previous section, the exact model order of the structural system can be increased by the number of
periodic poles that are present in the data. Using output-only stochastic subspace identification, consistent estimates
of both structural and periodic poles can be obtained [23], and the latter can be rejected from the modal estimates as
illustrated on the theoretical example in the previous section. However, the exact model order is unknown in practical
applications and the periodic excitation may coincide with a natural frequency of the structure, or it may be of high
energy that masks the system response to the random part of the input. In these cases, it is desirable to discard the
periodic excitation from the data and without additional knowledge of, e.g., tachometer measurements. In this section,
a scheme for the removal of the periodic subsignal is proposed, based on three steps:

1. Estimation of the periodic poles by subspace-based system identification from the raw output data,
2. Estimation of the periodic subsignal using the Kalman filter,

3. Projection of the row space of the raw output data onto the orthogonal complement of the row space of the
periodic subsignal estimate.

Based on the projected signal, any further signal processing can be carried out for the analysis of the structural
system response, where the nuisance from the periodic inputs is removed. In particular, subspace-based system
identification can be used to estimate only the structural system modes, which is detailed in the remainder of this
section.

In the following, it is assumed that the first step has already been carried out and that the periodic modes are
selected, including the modes corresponding to the harmonics, for example based on indicators developed in [27, 28].
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In practical applications, the selection of periodic poles can be done with simple indicators like kurtosis [27, 28],
entropy [29] or damping ratios [30].

3.1. Estimation of periodic subsignal

The periodic subsignal is estimated based on the Kalman filter. Note that the eigenvalues of the periodic subsystem
are situated on the unitary circle, thus the considered combined system (14)—(15) is not a classical stable system.
Moreover, the periodic part does not have process noise. Nevertheless, the Kalman filter can be applied and is stable,
as detailed in [23, 31].

For the estimation of the periodic subsignal the Kalman filter states are retrieved in the modal basis in order to
distinguish the states referring to the periodic poles. For this, the Kalman filter states are obtained first in an arbitrary
basis, namely in the basis corresponding to estimates of the system matrices {A, C, Q, R, S} of the combined system
corresponding to (14)—(15). These system matrices can be estimated from data using for example the SSI-UPC method
described in [14]. Then, the Kalman filter states are converted to the modal basis, and the modal states corresponding
to the periodic modes are selected to estimate the periodic subsignal. This procedure is detailed in the following.

With the Kalman filter, unbiased and minimum variance estimates X, of the states x;,; are obtained. In this
work, the non-steady state Kalman filter is used that accounts for the correlation between process and output noise,
based on [32]. The initial state estimate is assumed to be £y = 0 € R”, and the initial error covariance matrix is
assumed as Py = I, € R™". Then, the recursive filter equations are

Ki = (AP.CT + S)(R + CP.CTHY7!, (16)
Xk+1 = (A = K O)Xy + Ky, a7
Piv1 = APLAT + O — Ky (AP.CT + S)T, (18)

where K; € R™ is the gain matrix, which converges to the steady state gain K € R™" for increasing k. Consequently,
defining the innovations e; = y; — CX; € R’, the Kalman filter states and system outputs yield

X1 = AXy + Kiey, (19)

Yk = Cy + e, (20)

which is the state-space model in innovation form. The states are not unique since for any invertible matrix V € R™"
the linear transformations
& =Viy, AV=v'ay, " =cv, K} =V'K; (1)

yield the state-space model
AV Vv 14
X =AR +K e,
Yk = CV)%]Y + ey

that is equivalent in terms of outputs, eigenvalues and mode shapes. Without loss of generality, the modal basis is
chosen for the transformation in order to distinguish the states that are corresponding to the periodic part of the system.

More precisely, matrix V is chosen based on the eigenvectors of A as follows. Recall that ¢?ys and Eiys, i=1,....m
and ¢fer and Efer, i =1,...,h, are the pairs of conjugated complex eigenvectors of A corresponding to the structural
system and to the periodic part, respectively. Analogously, 47" and leyb, i=1,...,mand 2™ and /_lfer, i=1,...,h

are the respective eigenvalues. Applying the transformation defined by
V= [?\(IP) S(‘P)] . where ¥ = [¢in N lsqus ¢11)er . (pzer] c CZ(m+h)><(m+h)7 (22)

yields the state-space model with real-valued system matrices in the modal basis with

o[BI o ).

where A = diag(4}",..., ;" A7, ..., A7) and @ = C¥ = [¢)" ... ¢p° ¢ ... @] contain one element of each

complex conjugated pair of eigenvalues and mode shapes, respectively.
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Note that it is impossible to obtain the system matrices and the Kalman filter states in the same state basis as in
(14)—(15) when estimated from data. However, the previous transformation of the system matrices into the modal
basis {AY,CY, K ,Y } yields a canonical format when the system matrices are identified in an arbitrary basis. Moreover,
the states corresponding to the system and to the periodic parts are decoupled in the state vector )Ac,‘: Subsequently,
the states corresponding to the periodic part can be selected from the respective entries of )?Z and the periodic output
subsignal related to these states estimated. For this, define a selection matrix S with

Om Xm

S = Ly

OmXW[

I,

where the identity matrices J, refer to the entries of the state vector that are related to the periodic modes. Conse-
quently, the estimation of the output data contribution due to the periodic modes writes as

HT=CVsyY, (23)

which is the desired estimate of the periodic subsignal.
In practice only the estimates of C¥, AV and K ,Y are available, which are computed on data of finite length, e.g.,
after [14]. Consequently, an approximate Kalman state is used in (23) to estimate the periodic subsignal.

3.2. Removal of the periodic subsignal by orthogonal projection

The estimate of the periodic subsignal can be decoupled from the row space of output data by using an adequate
projection. Different projection methods exist and are often used in the context of subspace-based system identi-
fication, e.g., see [14, 20]. In the following, an orthogonal projection of the raw output data onto the orthogonal
complement of the estimated periodic subsignal is carried out. It is proved that the resulting signal indeed represents
only the structural system, and the periodic part of the combined state-space system is canceled out.

In these projections, Hankel matrices of the respective signals are used, which are defined as follows.

Definition 1. Let the samples k = i,...,j+ N — 1 of a discrete signal a, € R?! be given with i < j. Then the
corresponding block Hankel matrix A;; is defined as

ai di+1 ...  Qi+N-1
aiv1 diy2 ... aitN
j—i+1)bXN
A= . . .| e RUTHDRY,
a;j Ajyl ce. AjyN-1

Analogously to subspace methods, Hankel matrices are built from the signals with a ‘past’ and ‘future’ time
horizon. Let p be a parameter that defines the time lags for the past and future horizons. Based on the raw output data
vk (e.g., see (15) or (20)), the past and future data Hankel matrices are defined as

Y = 75 Yoot Y = 75 Yorp-1- 24)
Similarly, the past and future data Hankel matrices of the estimated periodic subsignal )A{er (see (23)) are defined as

(25)

- _ _1  qyper + _ _1 qyper
‘ypef - \/N‘yOIp—l’ ‘ypef - \/NypIZp—l‘

Furthermore, denote the past and future block-row matrix of Kalman filter states in the modal basis fcl‘(/ (see (21)) as

(\9V

- _ _1 yV + _
X = 75 Xop» X7 = plp*

L
VN
The rows of X~,X* € R2"WXN corresponding to the system part are denoted as Xoysr Xiys € R>™N and corre-
sponding to the periodic part as X, X;;er € R?™N respectively. The past and future Hankel matrices based on the

innovations ¢, (see (19)—(20)) are defined as

& = \/L,V Eop-1, & = \/Lﬁ Spiap-1-
9



Finally, the extended observability matrix of the combined system writes in the modal basis as

CV
cvAY
I'= : ,
CV(A'V)p_l

and let Iy and I'yer be its columns corresponding to the system and to the periodic part, respectively. With this
notation, the data Hankel matrices of the raw data and of the estimated periodic subsignal can be expressed in terms
of the states and the innovations by recursion of the innovation state-space model (19)-(20) as follows.

Corollary 2 (Matrix output-only innovation state-space equations). It holds

Yo =TX +KE + &, Y =TX" + KE" + &, (26)
Yper = DperX, Yper = DperX, (27)

per per’ per>

where KE™ and KE* are related to the innovation terms with K € RP™P" being defined based on the steady state
Kalman gain K, and & and & are remainder terms that are related to the difference to the actual non-steady state
Kalman gain Ky, with

I, 0 0 ... 0 I, 0 0 ... 0
CK I, 0 ... 0 CK; I, 0 ... 0
K =| CAK CK I, 0], Ki=| CAK, CKii I, ... 01,
CAP?’K CAPK CAP*K ... I, CAP?K; CAP2K;.y CAP3Ky, ... I,
where the I-th columns of E,. and & are, respectively,
[Excli = (Kot = FOIE 11, [Eci = (Kimi4p — FOIE (28)

These remainder terms converge to zero as | grows since the non-steady state Kalman gain K; converges to the steady
state gain K during the transient phase, which is necessary due to possible errors in the initial estimates X, and Py.
Note that the transient aspect of the non-periodic part of these remainder terms could be neglected since the respective
part of the gain converges to its steady state limit fast, namely at exponential rate. However, since the periodic part
converges only at a linear rate [33], they cannot be neglected without further analysis.

Equations (26) and (27) are required for the analysis of projections of the data Hankel matrices. In particular, the
terms I'X~ and 'X* in the raw data in (26) contain both system and periodic parts, yielding X~ = Iy Xy, ¢ + Iper X,

sys per
and FX™ = Fgys Xy + TperX e, In the proposed method the raw data matrix is projected on the orthogonal complement

of the data matrix of the estimated periodic subsignal in order to remove the periodic part from the raw data. To this
end, the projection matrices

Yoo = Yrail Ve = Yo = Yiawper' Ve per’ ) Y per (29)
*y;ro = ygiw/y;erL = ‘yl;.W - y:;lwy;erT(y;er*y;erT)Ty;er (30)

are defined. With these projections, the periodic parts of the terms ' X~ and T X* in the raw data in (26) are removed
asymptotically, as shown in the following theorem.

Theorem 3. The orthogonal projection of the raw data matrix onto the orthogonal complement of the data matrix of
the estimated periodic subsignal yields the decomposition

*y];ro = Fsysxs_ys +KE + 8,;( + 0(1),
“y;ro = l—‘sys/Y-'— +KE" + 8;( +0(1),

sys
where o(1) is a matrix whose norm converges almost surely to zero when N — oo.
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Proof: See Appendix C. O

Hence, the orthogonal projections (29)—(30) provide a reconstructed output signal where the periodic system parts
are (asymptotically) removed. The samples j;i“’ of this signal can be recovered from the block rows of y;m or M;m.
Based on these signals, the subspace-based system identification can be used to estimate only the structural system

modes, as detailed in the following section.

3.3. Output-only subspace identification of the system part from Yo

In SSI-UPC [14], a projection of the future output data matrix onto its past yields the factorization into the observ-
ability matrix of the system and a Kalman filter state sequence. From the observability matrix, the system matrices A
and C are obtained, and subsequently the modal parameters.

In the following, the modal parameters of the structural system are obtained from a projection of the data matrices
Yo and Y, analogously to the UPC method, namely

H = Yoo/ Y. a1

To investigate the properties of this projection with respect to the identification of the structural system, define the
matrices Y = Lays Xy + KE" and Y = Ty X+ KE™. These matrices would contain the outputs of the structural
system without the contribution of the periodic excitation, see Appendix A. Note that they are not actually computed
on data, nor do they contain the contribution of the transient part of the non-steady Kalman filter since it decays with
N. With these definitions, the proposed subspace procedure in (31) yields the same projection as Y, onto Y, as

sys sys?
shown in the following theorem.

Theorem 4. The projection of the future projected data matrix Y ;,’ro onto its past Y ., yields the factorization

H = Yol Yo = Yy Yo + 0(1) = ToguX5y [ Y s + 0(1),

sys
from where an estimate of the observability matrix Usys of the system part can be obtained.

Proof: See Appendix D. O

Estimates of the system parameters from matrix H are shown to be consistent in the following corollary.

Corollary 5. The subspace method using H in Theorem 4 is consistent for the estimation of the system matrices
and subsequently of the modal parameters of the structural system, i.e., they converge to the true parameters of the
structural system for N — oo.

Proof: See Appendix E. O

The estimates of A*Y* and C*¥® and subsequently the estimates of modal parameters can be computed from H in a
classical way after Appendix B and (7).

Remark 6. Projections are a common tool for system identification with subspace methods. In the proposed approach,
the orthogonal projections (29)—(30) were used to reconstruct an output signal, where the periodic parts are removed
(Theorem 3), and which can be used for consistent system identification (Theorem 4 and Corollary 5). A similar result
can be achieved by subtracting the estimated periodic subsignal from the raw data, instead of the proposed orthogonal
projection. Defining Yo = Yoy — Ypor and Yo = Y1, — Yo, yields a similar decomposition as in Theorem 3
thanks to properties (26)—(27), and analogous results as in Theorem 4 and Corollary 5 can be proven for consistent

identification using H = Y §.o/ Y 34

11



3.4. Numerically efficient implementation

The projections to obtain ygm, J/;,rro and H in (29), (30) and (31) may be costly in computational efforts. An
efficient numerical implementation that avoids the explicit computation of these projections is described in this section.
The £Q decomposition of the stacked Yper and Yy writes

Yoer L 070 0@ _
Yoo Ly Ln: 0 0 Q) z[-&z,lz 0 H sz]

- 32
Lo | Lz || O ©2)

Yiw Ly Lot Ly Lull @

The combined projected data matrices Y, and Y., from (29)—(30) can also be (asymptotically) expressed as follows,
and plugging in (32) yields

R bl
v | = vl v

= (L3420 + L343108) (1= 0Ly (L2200 L] o) L1220

= (L3420 + L£342405) (1 - 01200,

swot-ff 2|9
The projection from (31) yields thus

H =Y}/ Yo = (Lis@ + Laa@Q)) QLY (L33LY) ' L33Q) = Li3QF.

Since the observability matrix Iy, is estimated from the column space of H (see Appendix B) and since @3 is an
orthogonal matrix, £43 can directly be used to estimate I'sy, without explicitly performing the projection in (31). The
proposed scheme is summarized in Algorithm 1.

Remark 7. When the number of sensors is bigger than the number of periodic modes, i.e., r > 2h, the estimated
periodic subsignal from (23) contains r — 2h redundant responses and rank (y per) = 2h(p + 1). Consequently L5 12
becomes rank deficient, while full rank is needed to obtain (33). In such a case, the periodic states selected directly
from the rows of )?,Y can substitute the estimation of the periodic subsignal from (23) by

P = R (34)

This leads to a reduction of the dimensions of Y. and Y. without changing the projected matrices Y., and Y.,
and consequently (33) holds.

Algorithm 1: Removal of periodic subsignal and identification of structural system

Input : raw data y; of the system under ambient and periodic excitation;
model order n
Output: reconstructed time series ;' without periodic subsignal;
modes of structural system
1 build data matrices Y, and Y}, from y; in (24) and compute A, C at selected model order n with subspace
system identification (Appendix B);
compute Kalman filter states Xy in (16)—(18);
map periodic poles of A and compute similarity transform A", €V, £} in (21) and (22);
compute periodic sequence §}- in (23) if r > 2, or in (34) if r < 2h, and fill data matrices Yper and Y,
compute LQ decomposition of the stacked Y ., Yo, Yryy and Vi in (32);
reconstructed time series J; ~ can be obtained from Y, = L33Q} (see (33));

computation of A%, C% from L43 (Appendix B) and modal parameters in (7)

in (25);

N S N R W N
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4. Numerical validation

In this section the proposed method is deployed first to remove the periodic mode information from the simulation
of the chain system described in Section 2.3 and second to identify its structural modal parameters.

First, the adequacy of the combined state-space model (14)—(15), containing both system and periodic parts, is
illustrated by comparing the exact system states to their computed Kalman filter counterparts. For this, output data of
the mechanical system are simulated under both white noise and periodic excitation as well as output noise, using the
discrete-time version of model (8)—(9). Then, the exact system and periodic states of model (14)—(15) are computed
and transformed into the real-valued modal basis. To compare them to their estimates, the system matrices of the
combined model are estimated at model order 14 from the simulated outputs, and the non-steady state Kalman filter
states are computed with (16)—(18). To transform them into the modal basis of the exact states, an appropriate scaling
of the estimated eigenvectors is needed. These scaling factors are obtained by relating the identified mode shapes to
the theoretical ones.

In Figure 6, the exact states and computed Kalman states corresponding to the third structural mode of the chain
system are shown, which is the mode closest to the periodic mode. In Figure 7, the exact states and computed Kalman
states of the periodic mode are shown. It can be observed that the Kalman states of the structural mode are close to
the exact states after about 5 samples, and after approximately 80 samples for the periodic mode. This suggests that a
good approximation of the system states is obtained after a transient phase, where the non-steady state Kalman gain
from (16) converges. Note that the non-steady state Kalman filter is able to estimate the states of the periodic mode
accurately while the initial condition of those was not exact. This would not be possible using the converged steady
state Kalman gain whose periodic part is zero.

Next, Algorithm 1 for the removal of the periodic part is applied. In Figure 8 the two highest PSD singular values

1— —
. ) L}
d Yy
-1 Exact state —

= = = Estimated Kalman state
-2 T | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200

i\

BT e )

Exact state

= = = Estimated Kalman state

60 80 100 120 140 160 180 200

Exact state
= = = Estimated Kalman state

Exact state
= = = Estimated Kalman state

Figure 7: Exact states and computed Kalman states corresponding to the periodic mode.

13



10*
= A~
R e
@ 10 @
10°
107! L L L L 100 L L L L
0 5 10 15 20 25 0 5 10 15 20 25
f[He] fHe]
Figure 8: Two largest singular values of PSD matrix from raw data yj (left) and from projected data ygm after removal of the periodic subsignal
(right).
I
2.5+ | | [ 25 4
[
[
2 [ 2l i
= [ =
= [ =
v [ h
[
[
[
|

® cstimates of structural modes
@ estimates of periodic modes | 05L

| | |
®  estimates of structural modes | -
%  exact damping ratio
— — —exact natural frequency
. . | L1 0 . . . | L1
0 2 4 6 8 10 12 14 16 18 0 8 10 12 14 16 18

f [Hz] 1 [He]

#*  exact damping ratio
— — —exact natural frequency

3.5 n T T T 3.5 ‘ - T r T T T T
| |
3% ***'**'***** *'ﬂ * 3% % ***'**I***** *lﬁ *
I
|
|
! 1
| |
| |
| |
| |
| 1
| 1
| 1
| 1
|
I
|
|

o
'

Figure 9: Estimates of natural frequencies and damping ratios from raw data y; (left) and from projected data j/im after removal of the periodic

subsignal (right) for the complete Monte Carlo simulation.

are shown that are computed from the raw data y; (left) and from the time series j)zro that is reconstructed from the
projected data matrix Y, after (29) (right). From Figure 8 it can be seen that the sharp peak corresponding to the
periodic frequency at 8.69 Hz in Figure 8 (left) is cancelled in Figure 8 (right), and the resultant PSD plot resembles
the reference case where no periodic inputs are present in Figure 2. Therefore it can be conjectured that the periodic
information is removed from the raw data.

This is also verified in a Monte Carlo simulations, where the modal parameters are estimated first from the raw
data and second from the projected data after removal of the periodic part with Algorithm 1. In Figure 9 the plots of the
estimated frequencies versus damping ratios are shown for all the simulations. The periodic mode visible in Figure 9
(left) is identified with a low damping ratio and can easily be distinguished from modes of the structural system for the
removal procedure. It can be observed that the periodic mode is indeed rejected in Figure 9 (right), and the estimates
of natural frequencies and damping ratios are centered around the exact values from the model. Furthermore, it can
be seen that the estimation uncertainties of the proposed method are similar as in the classical SSI-UPC, since the
scattering of the estimated modal parameters is of the same magnitude before and after the rejection of the periodic
subsignal.
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5. Application

In this section, two experimental cases are depicted to illustrate the performance of the proposed method. The
first example is a plate subjected to a mix of random and periodic excitation in laboratory conditions. The second
example is a full-scale test of a ship excited by random environmental load with interference from rotating machinery
on-board.

5.1. Plate with harmonics

The experimental setup and the geometry of the plate are shown in Figure 10. Periodic excitation is applied by a
shaker with a sinusoidal signal of 370 Hz continuously throughout the experiment. The measurements are sampled
with 4096 Hz over a 120 seconds interval. The same experiment is also carried out without the periodic excitation in
order to compare the modal parameter estimates with and without periodic excitation.

The frequency of the periodic signal is close to the first natural frequency of the plate, which is a particular
challenge for system identification of experimental data [34]. In this context, the stochastic subspace identification of
the raw data containing the responses to mixed random and periodic excitation is carried out with p = 20 and model
orders ranging from sy, = 10 to ny,x = 40. In Figure 11 the resulting stabilization diagram of natural frequencies is
shown. It can be seen that the periodic mode at 370 Hz and the close structural mode at 341 Hz cannot be identified
below model order 20, since they are not separated. Other structural modes can already be identified at lower model
orders, which suggests that the first structural mode may be perturbed by the periodic mode.

The frequency and damping ratio alignment of the periodic mode are presented in Figure 12 (left). It can be
observed that its damping ratio is indeed small. The periodic mode estimate at model order 40 is then selected to
estimate the periodic subsignal, used in the orthogonal projection in (29)—(30). In Figure 12 (right) the two largest
PSD singular values are shown from the raw, the estimated periodic and the reconstructed system output data. It can

Figure 10: The experimental setup: plate with 16 acceleration channels, shaker, acquisition system (left). The plate model with 16 acceleration
channels in ARTEMIS MobaL Pro 6.0 (right).
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Figure 13: Stabilization diagram of the natural frequency estimates from measurements of the plate after the removal of the periodic subsignal.

be seen that the peaks of the PSD from the estimated periodic signal (blue line) match well with the periodic peaks of
the PSD from the raw measurements.

Finally, the system identification results with the proposed method are presented after the removal of the periodic
subsignal, corresponding to Algorithm 1. The corresponding stabilization diagram is shown in Figure 13. It can be
observed that the periodic mode is no longer part of the estimated modes. In addition, the first natural frequency at
341 Hz is better estimated, namely already for much lower model orders compared to Figure 11, after the periodic
part is removed.

A detailed comparison of the modal alignments for the natural frequencies and the damping ratios of the first
mode estimated before and after the removal of the periodic subsignal is shown in Figure 14, where the results are
also compared to the reference estimates from the plate experiment with only random and no periodic excitation. The
estimated modal parameters are close to their counterparts estimated from the random response. While the estimated
natural frequency and damping ratio are closer to their equivalent random response estimates after the removal of
the periodic subsignal in Figure 14 (right) than before (left), the change in frequency towards its reference value is
very small (0.05% of the value) and may not be significant. The change in damping ratio towards its reference value,
however, is more significant (14% of the reference value), indicating a less biased damping estimate of the first mode.
For both the frequency and damping ratio, the alignments of the first mode after the removal of the periodic subsignal
are more stable and start at a lower model order in Figure 14 (right) than before (left).

In Table 2 the alignment means of the first six modes are shown for the different experimental cases. With
respect to the reference estimates from the random response, the frequency estimates before and after the removal of
the periodic subsignal show very small differences that are of the same order for all modes. The differences in the
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Figure 14: Modal alignments of the natural frequency and damping ratio estimates for the first structural mode from measurements before (left)
and after (right) the removal of the periodic subsignal.

Table 2: Modal parameters of the plate without periodic excitation, and with periodic excitation estimated before and after removal of the periodic
subsignal.

Data type/Mode 1 2 3 4 5 6

f[Hz] 341.04 472.12 68834 837.03 933.62 1382.04
L [%] 0.563 0.494 0.757 0.453 0.569 0.971

f[Hz] 34123 47234 688.80 837.90 933.61 1381.62
£ [%] 0.459 0.482 0.840 0.406 0.517 0.756

mixed random and periodic after removal of the f[Hz] 341.06 47249 68891 837.79 932.81 1381.08
periodic subsignal in (29) L [%] 0.537 0.466 0.721 0.392 0.503 0.841

random (reference)

mixed random and periodic

damping estimates are naturally larger, and it can be seen that the estimates after the removal are either close to the
values before the removal, or closer to the reference values.

From these results it can be concluded that the removal of the periodic subsignal leads to more stable alignments
of the structural mode close to the periodic one, and the damping estimates of some of the modes (in particular of the
mode close to the periodic one) are closer to the reference values.

5.2. Ship in operation

The considered structure is a roll-on roll-off ship on a test trail [35] that is subjected to random wind and wave
loads interfered with periodic excitation from the propellers and the engine. Output accelerations are measured with
16 channels and are sampled with 128 Hz for 5400 seconds. The geometry of the ship with the measured degrees of
freedom is illustrated in Figure 15. Prior to the analysis the data are decimated to 8 Hz.

TR ovnnnneny

Figure 15: The ship at the Flensburg shipyard (left). The geometry of the ship with 16 acceleration channels in ARTEMIS MobaL Pro 6.0 (right).
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Similar to the plate example from the previous section, the modal parameters are estimated from the data subjected
to the mixed random/periodic excitation first. For this purpose the UPC algorithm is used with p = 25 and model
orders ranging from npyi, = 10 to ny,x = 50. The resulting stabilization diagram of natural frequencies is shown in
Figure 16. It can be observed that the periodic frequency at 2.05 Hz is close to a structural mode of the ship whose
estimation is possibly perturbed by the periodic mode.

A zoom on the modal alignment of the periodic mode is presented in Figure 17 (left). It can be observed that the
damping ratio estimates of the periodic mode are low, which distinguishes it from the structural modes. Subsequently,
the periodic mode at the model order 50 is selected for the removal of the periodic subsignal with (29). In Figure
17 (right) the two largest PSD singular values are shown of the raw, the estimated periodic and the reconstructed
structural system output data. It can be observed that the peak of the PSD from the estimated periodic subsignal
coincides well with the peak of the periodic mode from the raw measurements. Moreover the reconstructed output
data contain no high energy frequency content at 2.05 Hz, suggesting that the periodic mode information is removed.

Subsequently, results from the system identification with the proposed method are presented in Figure 18 after the
removal of the periodic subsignal. They clearly illustrate that the periodic mode at 2.05 Hz is successfully removed
from the data. A detailed comparison of the modal alignments of the close structural mode estimated from the
measurements before and after the removal of the periodic subsignal is shown in Figure 19. Deviation of both natural
frequencies and damping ratio estimates from the mean values of their modal alignments is lower when the periodic
information is removed, suggesting that the proposed approach is beneficial in a practical modal analysis application.
Moreover, the structural mode is already identified at lower model orders after the removal.
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6. Conclusion

In this paper, a subspace framework has been derived for the estimation of the structural modes of a mechanical
system under both ambient and periodic excitation. This approach consists of three steps, starting with a classical
output-only SSI that provides initial estimates of the system matrices. These matrices are used in the second step to
compute a sequence of non-steady Kalman states in the modal basis in order to estimate the periodic subsignal from
the periodic modes. In the final step, the raw output data is projected onto the orthogonal complement of the estimated
periodic signal, yielding a new subspace method for the identification of the structural modes while rejecting the
periodic modes from the data.

Besides the development of the algorithmic procedure, a few theoretical results have been proved. First, it has
been shown that the considered mechanical model under both ambient and periodic excitation is equivalent up to
a similarity transform to the stationary modeling proposed in [23], where the stochastic and periodic subsystems
are decoupled. This validates the first step of the developed method and yields stability properties of the Kalman
state estimates. Second, the rejection of the periodic information from the raw signal has been explicitly formulated.
Using the resulting signal for a UPC-like projection of its future time horizon onto its past, the factorization into the
observability matrix and Kalman states of the structural system — without any periodic parts — has been proved to hold
asymptotically. Consequently, consistency of the proposed SSI method has been shown.

Both the modeling and the removal of the periodic subsignal have been validated on simulations of a chain system,
and the consistency of the identification was illustrated on Monte Carlo simulations. Furthermore, the proposed
method was demonstrated on experimental data under both ambient and periodic excitation, namely on an aluminum
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plate excited by a shaker in the lab and on a ship in operation excited by the combination of environmental load and
the interference from the rotation of engine and propellers. In both cases the periodic frequency was close to a natural
frequency of the structure. The results illustrate that the periodic subsignal has been removed successfully, and that it
led to more consistent modal parameter estimates of the structural modes with modal alignments that stabilize from a
lower model order. Future work includes the uncertainty analysis of the algorithm.
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Appendix A. Theoretical innovation model and stability of Kalman filter

In the following it is shown that the considered combined state-space model (14)—(15) corresponds to the theoret-

lcal nnovation m()del
[ k+1 a

Yk = [C Cd]

A2
] + ey. (A.2)

This model was analyzed in [23], where observability of the pair (C;, Ay) is required, as well as observability and
controllability of the stochastic subsystem. The theoretical innovation e has finite fourth order moments. Under these
conditions, stability of the Kalman filter is given, and finite fourth order moments of the states can be assumed.

First it is shown that there exists an invertible matrix 7', such that

ASYs AP AYS 0 ) 1 T I -T
-1 _ _ 12 -1 _ 12
B R R ]

Matrix T, € R?™?" (and thus matrix T') is constructed by multiplying out the left expression, leading to the necessary
condition A%Y$T|,—T,AP" + AP = 0. This Sylvester equation has a unique solution since the eigenvalues of A%¥* (inside
the unitary circle) are distinct from the eigenvalues of AP®" (on the unitary circle). The solution is given through
[(Iop ® AYS) — (AP T ® L,,)]vec(T}2) = —vec(AP), where ® denotes the Kronecker product and vec(:) the column
stacking vectorization operator. Pre-multiplying (14) by T~! leads to the transformed state-space model

22 1Ay oo 5] [w
I
Pt
[Csys (CsysT12+Cper)] [xper + Vi, (A4)

with the transformed states s e o o
)? 4 _ 71 X k}’ y lexp
X:Eer xper per .

Note that the process noise term in (A.3) remains the same after the similarity transform. Finally, assuming that
the stochastic subsystem is observable and controllable by the noise, and assuming that the periodic subsystem is
observable, the theoretical innovation model corresponding to (A.3)—(A.4) is indeed given by (A.1)—(A.2). Thus,
following [23], the Kalman filter applied to data from the considered combined state-space model (14)—(15) is stable,
and the fourth moments of the Kalman filter states and innovations are bounded [31]. Due to the stability of the
Kalman filter, the same holds also when applying the non-steady state Kalman gain.

Note that regarding the states, (A.3) shows that there is a state space basis in which the periodic states x,~ (or
equivalently X}°") are decoupled from the structural states %", unlike the physical structural states x;" of the mechan—
ical model in (14) (15). Due to the block diagonal structure of the state transition matrix in (A.3), thlS is also the case
for the modal basis.

per
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Appendix B. Subspace system identification

Assume the matrix H enjoys (asymptotically) the factorization property into H = I'X where I' € R¥P+Drn jg

defined as
C

CA

CA?
and X are the system states which are dependent on the chosen projection algorithm [14]. In practice, the estimate of
the observability matrix I" is computed from the SVD of H estimated from the measured data sequences

. T
R

where an estimate of I'is taken as [' = U ID}/ 2. Matrices U, and V; are the left and right singular vectors corresponding

to first n non-zero singular values D; and U, with V; are the left and right kernel of H where D, — 0. The estimates
A and C can be computed in a least-square sense from the shift invariance property of I.

Appendix C. Proof of Theorem 3

The first projection in Theorem 3 yields
Yoo = Y Yo = (TagsXys + Tperier + KE +Ex) [ Y et
= ToyoXoyo/ Y per + TperXper/TperXper ™ +KE [ Y™ + Ee/ Vs (C.1)
N———

=0

where the second term cancels out since an orthogonal projection yields A/ A+ = 0 for any matrix A. The analysis of
the last two terms requires a deeper insight into the properties of the estimated innovations and Kalman filter states.
First, & X ;erT — 0 is shown to simplify the third term, and second, &,.X ;erT — 0 is shown for the fourth term. For
this we suppose that y; and X; have uniformly bounded fourth order moments, which is justified in Appendix A.
Finally, the first term is simplified by showing X ;yle;erT - 0.
1. ProofofS‘X;erT -0

First a few mathematical notations: Consider the o—algebra ¥ generated by the observations yy, ...,y The
collection of o—algebra ¥ is increasing, i.e., ¥ C F+1. The innovation e, at time k is F; measurable, whereas % is
Fr-1 measurable. Since E(ey | Fr—1) = E(ex | Y1, ..., Yx—1) = 0O, the innovations are uncorrelated with the past Kalman
states (and also with the past outputs) [14], i.e.,

E(eff_;) =0, ¥j 20, (C2)

which holds since E(ekfc,ffj) = E(E(ekfc,fﬂ | Fr-1)) = E(E(e; | ?'k_l)fc,ffj) = E(O.fc,{fj) = 0. Then, considering

sup, E(llexlI* + |I%][*) < C < o0, by Theorem 2.8 in [36],

) ey eN—1 T 1 T

x(% N 2 ek .

. X < D e X

ot lle e : ey 1 N +14

EXT == = . —0
N : :
AT 1 oT
. AN-1 N X Clp-1X)
€p—-1 €p . EpiN-2

21



with probablhty 1, in particular &~ X ..° = o(1). It follows S‘y;er = & X5, Tper’ = o(1). Since (Y perY per i =

per per
T per) (X per ;,er ) 1(l"per)T is bounded due to the distinct periodic eigenvalues and the resulting independence of the

periodic state components, the third term in (C.1) yields

KE Y™ = KE = KE Yo' Y per' ) Yir = KE + 0(DY . (C.3)
Since the signal has bounded moments of order 4, it holds o(1)Y/ ., = o(1).
2. Proof of §,. Xy’ — 0
With (28) it holds
e
N-1 N-1 p-1
— 1 el+1 aper 1 aper
Ex Xper N Z(q(l - 7<) : xp T= [ (}(]]6‘14.])(5) r
= : NZ =0
€l+p-1

where [K; - K]; indicates the (j+ 1)-th block column of matrix (% —%). Recall that the Kalman gain is deterministic
and independent of the observations. It converges linearly in the periodic part [33] and exponentially for the other
components [37], thus ||K; — K]|| = O(1/)).

Denote &,; = [K; — K]jen;. Since the innovations have bounded fourth order moments, this is also the case for
& Analogously to part 1 of the proof, it follows with [36] that & ¥, &, ;8" = o(1) for j > 0, finally &, X per =o(1)

and thus & y-. 1= = &, X, Tl"per = o(1). Thus the fourth term in (C.1) yields

per per

&}/J/;er =&y — S%M;er (y;er)/;er )f Yper = Exc + oY ;. (C4
3. Proof of XX, per -0
The columns of matrices X, sys and X, are the components of the Kalman states fc,‘(/ corresponding to the system
and periodic parts, respectlvely, in the real-valued modal basis after similarity transform (21) with V defined in (22).
Denote these parts by £, YSYS and £ p “!, respectively.

For simplicity of notation we carry out the proof in the complex-valued modal basis defined by V, = [‘I’ @]
(cf. (22)), thus AYe = V1AV, = diag(A, A). Then, the system and periodic parts of the states fc]‘(/ = V1% relate to
AVisys AVper
%7 and £, by

1|1, -if,
~Visys _ AV ,Sys sViper _ -1 AVe,per _ a a
X T s X =T, T”_Z[Ia i-[a:| (C.5)
where m and h are the number of system and periodic mode palrs (see Section 2.2). Denote the i-th component

of vector xk” by % AV ~*,and the j-th component of vector xk” P by fc,‘:{'j’p “. In the following, it is shown that

DN AV‘ s AV}.per - 0 for any i, j, from where Xsyerjer — 0 follows with (C.5).
From the state equation it follows
N-1

1 Ve,s
- A ys ~Veper _ sys AV sys Ve,sys per A V.,per V.,per
N kal il = E (4 +K e )(/l xkj +Kk,j er)

k=0

erAV ,S AV er s AVe V. er! er A V.,per Ve,s T Ve, V. erl’
Z_Z(rmp VR AR KT 4 PR K+ K ere] KT

where K Y% is the i-th row of the system part of the Kalman gain K,”*, and K, Ve per is the j-th row of its periodic part.
Then

N-1

( /lsys/lper fCZ sys)ACI‘{/ Jper l AVL:,sys AVC:per _ l Ve, sys)ACX, Jper
i J N 0,i 0,j N N,i J
k:()
N-1 N-
1 Ve Ve T v Ve T KV Veperl
_ N Z/llsys sys TK ,per /lper per TK L8y Z SYS e]{Kk,3,per ) (C6)
k=0 k=0
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The first term on the right hand side goes to zero since fczys and ey are independent. The second term goes to zero

. . . . . V,,sys Ve, erl . .
in a similar manner. The third term is a mean of the independent process L; = K 4 beke]{Kkjp since ¢ is an

independent Gaussian process. Let vy = E(Ly) = K,:/‘li’systK,:/}’perT, where Oy is the innovation covariance at k that
is bounded since the fourth moment of the innovation is bounded. Thus, it holds Y E(L; — vx)?/k*> < oco. Then
[38, Theorem 3.7] (or [39, Theorem 5.4.1]) can be applied, yielding % L — % > vk = o(1), and since ||% > ka <
% 3 ||K,Z;I’Sys|| 1Okl IIKZ;PWII < sup, ||Qk||% Y O(1/k) = o(1), the third term on the right hand side of (C.6) goes to

zero. The remaining terms on the left hand side yield %ﬁ(‘;ysysﬁ&}p o ﬁij‘:,‘";sysﬁl‘\/;"f " — 0 by the Chebyshev inequality
and Borel Cantelli Lemma, since the moments are bounded. Finally, XX ;erT = o(1) and
sl Y™ = Xy + 0(DY . (C.7)
4. End of the proof
Plugging (C.3), (C.4) and (C.7) into (C.1) yields

Yoo = Dy Xy + KE™ + Egc + 0(1)Y .- (C.8)
Analogously, the relation for Y, = Y7 /Y. is obtained as

Yoo = DiysXiys + KE™ + 8 + o(NY s (C9)

To conclude the proof, since Y ..Y ;erT and Y. Y ;;erT are bounded, the norm of the remainder term is o(1).

Appendix D. Proof of Theorem 4

Since Yo = Yraw = Yraw/ Y per» the projection in (31) yields

H =Yoo/ Yo = Yo (Vi = Vel ) (YonoVio”) Vi
———
=W,
=YY ViV e ) YoV | W1 (D.1)
—_—— —
=P =P W,

1. Preliminaries

The components of Y, are observations of the considered linear system. Thus, the moments of Y, derive from

the moments of the underlying state and innovations. Analogously to (C.2), it holds E(ekylf_j) =0Vj> 0, since
E(eky,f_],) = E(E(ey | ﬂ_l)y,f_j) = 0 and it can be proved that &' Y;,,” — 0 and &} Yy,,,” — 0 similarly to Appendix
C. '

2. Asymptotic formulations for P and P,
Plugging (C.9) into ; and P, yields

P1 = Ty Xiy Y + KE Y, +E3 Y +0(DY Y|

sys

7)2 = FsysX+ *y;erT + 7((cj—*yl;:erT + Sg(y};err + 0(1)y;er~y;erT

sys

The matrix YV ;er*yl;erT is bounded since it is filled by covariances of the signal Y, which are bounded since the

signal has bounded moments of order 4. Thus o(1)Y .Y EerT = o(1). The matrix J/;jer)/r’awT is bounded too, since a

Cauchy Schwartz inequality relates y;eryr‘awT to M;erygerT and Y-, Y-, which are both covariance matrices and

thus bounded because the signals Yper and Y,y have moments of order 4. Recall that &* Y I;erT — 0and &Y ;erT — 0,
and that &' Y,,” — 0and &,.Y;,,” — 0. Then, P and P, simplify to

raw

P = Ty XY +0(1), Py =Ty X Yo +o0(1).

sys sys+” per
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3. Asymptotic expression of the UPC projection
Subsequently the projection in (D.1) yields

7_{ = *y;ro/*yl;ro = rsy5X+

sys

(Y = Yo Wo) Wi + o)W + 0(YWr W,

Matrix W, is the product of bounded matrix (V. Y. Ty (see Appendix C, part 1) and Y V.., T which can also

per’ per per raw >
be proved to be bounded similarly to y;ery;dWT. Next we show that J/;mJ/[jmT is of full rank. With (C.8) it follows
Voo = DoysXiyXys Thg + KEETKT + 885" + L+ LT + (cross terms) x o(1) (D.2)

where £ = [gyX S‘ySS‘T’KT + Ty X S‘ySS;(T + 7(8‘8,;;. The term S%S%T in (D.2) is the diagonal covariance of &,
whose norm is decreasing as the gain converges, so this goes to zero. Thus, the third term of £ also goes to zero by
Cauchy Schartz inequality. The first two terms of £ are o(1) analogously to Appendix C. All the cross terms in (D.2)
are bounded, hence

Yoo = TiysXeyeXys T + KEETKT + o(1).

sys‘¥sys *sys

The first matrix is positive semi-definite, and since &E&T s positive definite and K is of full rank, the smallest

singular value of matrix Y, Ijmyljmr is bounded from below for N large enough. Thus (yI;myI;mT)‘ is bounded and

H = ToyXiys (Y = Yot W2) Wi+ 0()Y . (D.3)

sys per

4. Relation of UPC projection to y;ys
Since Y, = Yo' - y;erT(Wz, it follows from (D.3)

and end of proof

H = FSst+ y;mT (*y;my;mT)_l y[_)ro + O(I)y;ro (D4)

sys
.
where Yy, = Y5 + E + 0(1)Y . and define V5, = [y Xy + KE. Then (V5 Yy ) = (Yo Yy, +o(1) ! =

Y ;ysy S’},ST)’1 + o(1) by the matrix inverse sensitivity, and the bounds proved previously. Finally,

XYoo = XYy + Ex +0(DY )"

= XY +X5Ex + XY 0(1) = X

* Y- T o)

sys+’ sys
and thus
+ - T — — T\=1+y- + - T — — T\=11y— — —
Xsysypro (yproypro ) ‘ypro = Xsysysys (‘ysysysys ) ‘ysys + 0(1)87( + 0(1)yper

where S%S%T = o(1). Then it follows with (D.4), since E,.Y, ;erT = o(1) with Appendix C, and other cross-terms are
bounded,

H = rsySX§ys/y;ys +o(l) = y;ys/y;ys + o(1), (D.5)

since & Y5, = o(1), and the proposed method yields the same formulation as the SSI-UPC approach computed on
sys prop y pp p

the so-called virtual structural system, which concludes the proof.

Appendix E. Proof of Corollary 5

The main challenge in the asymptotic study of H — and thus the consistency of A and C that are estimated from its
column space — is the fact that the number of columns of H grows with the number of samples N. By evaluating the
asymptotic properties of the “square” matrix H7H”, which has the same column space as 9 but whose dimensions
are finite and non-increasing, the consistency of A and C can be analyzed [16, 20].
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Define H = Ty X5/ Y. Then it follows from (D.5)

sys*

HH" = (H; + o())(H; + o(1)) = HiH] + (H; + o(1))o(1)" + o(1YH]
= HyH] +o(1),

since it can be proved that ||H]| is bounded similarly to Appendix D. In consequence, it holds

HH" = oy X3 /Yy CoysX by /Y y) " + o(1).

This matrix satisfies Condition 1 of [16], and its consistency results from [16], Section 4.A, where the assumptions
of Theorem 1 in [16] have been verified. It follows that the estimates of (A, C) from HHT are consistent. Since the
estimates of (A, C) from HHT and H coincide [20], the estimates of (A, C) from H are consistent too. This finishes
the proof.
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