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Abstract. Monitoring high-dimensional structures using model-based
estimation faces challenges due to limited sensors, necessitating exten-
sive sensor channels and high-fidelity models. This conventional approach
is hampered by its laborious, expensive, and computationally intensive
nature, which is often impractical due to sensor inaccessibility, especially
to attain input robustness. While typically input rejection enforces con-
ditions on the availability of sufficient measurement channels, this study
introduces a cost-effective monitoring method operating in a lagged time
domain that can reject the input forces, even with sparse instrumenta-
tion. To provide sufficient measurements, the sparse sensor data sampled
at a certain time instance is augmented with responses from subsequent
time steps, posed as responses sampled from virtual sensors. This eventu-
ally mandates employing a unique measurement model that maps state
estimates to real and virtual measurements, effectively overcoming the
scarcity of physical sensors. Tested on simplified linear time-invariant
(LTI) systems, in terms of a lumped mass model, the proposed approach
utilizes the traditional Kalman filtering framework. A numerical observ-
ability study identifies required instrumentation nodes, successfully es-
timating unobserved states by fusing real and virtual sensor data. This
success suggests the potential exploration of linear time-variant (LTV)
systems and extension to parameter estimation towards structural con-
dition monitoring.

Keywords: Virtual Sensor - Condition Monitoring - State Estimation -
Limited Data - High-dimensionality - Complex Structures.

1 Introduction

The perpetual challenge in system identification research has been the scarcity
of data for inverse estimation frameworks. The insufficiency of observed states
for the estimable system often renders the approach ill-posed, resulting in im-
practical or divergent solutions. This challenge is accentuated in studies focusing
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on the health estimation of real-life infrastructures, where these structures may
not always be abundantly instrumented. In the realm of model-based estima-
tion frameworks, the intricate nature of real-life structures necessitates exten-
sive modeling, leading to an overparameterized, high-fidelity representation that
becomes challenging to manage with limited sensor measurements. A practical
solution lies in approaches that either simplify the model representation or reduce
parameterization to accommodate sparse instrumentation, potentially impacting
estimation resolution or accuracy [3].

The proposed alternative in this study introduces a novel virtual sensor ap-
proach where estimable system states are observed through current and future
sensor measurements. In the typical estimation approach, current measurements
are viewed as responses sampled from real (physical) sensors, while responses
from future time steps are considered as sampled from virtual sensors. The need
for future responses in this estimation approach requires it to be conducted in
a lagged time domain. However, this is not a concern in the context of struc-
tural health monitoring, as the responses are sampled at a high sampling rate,
rendering the estimation lag insignificant.

By supplementing actual sensor measurements with virtual measurements,
the inherent issues of the estimation approach can be mitigated. Recognizing
the significant damping in real-world structures, it is prudent to avoid utilizing
responses too distant from the current time steps. However, given the rapid
sampling of the system measurements, future responses can still serve as valuable
observations for estimating the system states. This methodology also necessitates
the modeling of the input force, a task undertaken in this context through the
utilization of a Gaussian process.

2 Methodology

A high-dimensional system can be defined as n'" order mechanical system with
time-invariant mass, damping, and stiffness matrices. The pertinent dynamics
can be defined with discrete-time state-space model as [1],

x = Fpxp_1 + Erqr + wy (1a)
i = Hgxp + Lidr + v (1b)

Let x;x € R”, yr € R™, and q; € R®. The first equation describes the
evolution of the states xj over time, governed by the state transition matrix Fy,
under the influence of the unknown input force (qy) through the input matrix E.
The second equation illustrates the measurement of unobservable state vectors
as yx using the measurement matrix Hy. The discrete-time entities, including
Fi, Ex, Hy, Ly, Xk, Y&, Vi, and wy, are obtained from their continuous-time
counterparts using the zero-order-hold technique, as detailed in [4]. The process
and measurement noise, denoted as wj and vy respectively, follow zero-mean
Gaussian noise statistics with covariances Q. and Ry.
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Typically, existing methods necessitate more sensors than unknown inputs
qx for effective rejection, requiring m > s [5]. This study, however, explores case
studies where this condition is not met, demanding a sophisticated approach
capable of addressing such constraints [2].

This study further considers a sequence of independent white noises v; € R®
to model the input as qxt+1 ~ aqr + Yk, where « belongs to |0, 1[. Expanding
Xgy1 and qgy1 as Xpq1 = FrpaXe + Exp19rs1 + Wiy, and qre1 = aqg + vk
respectively, yr4+1 be expressed as follows :

Yyt = HepiXp1 + Lgpiqegt + Ve
X
= [Hips1Fip1 a[Hpp1Eppq + L] {q:] (2)
+ [Hi1Ep 1 + Lega]ve + Hep Wi + v

Further, following the same approach, expanding xj12 and Qg2 as Ty =
FrioXpt1 + Egr2dri2 + Wiio, and qri2 = aQrr1 +Yk4+1 respectively, yxi2 can
be represented as,

Yi+2 = HpqpoZpyo + Lpjodrio + Viyo

X
= [Hj2FppoFi1 oHpoF o poEp + o (Hp 0B o + Liyo)] [qz}j

+ [Hit2Fr2Bry1 + a(HioErp2 4+ Ligo) (HeoBryo + L) [WZiJ

+ [Hpq2Fpq2 Hipo) {ziij + Vit
3)

Accumulating responses from z numbers of subsequent steps, ¥y € R*™ can be
constituted and represented as y, = [yg ygﬂ ygﬁ]T observation for unknown
augmented system states {x};q’ }T as,

H, : L,
_ . X,
Yk = Hy 1 Fryr aHp1Eppq + Lggq) qk
Hy oF i 0F ki1 aHgo[FrioBry1 + aEpia] + a?Lio
[ 0 0
+ (Hp1Epq1 + Lggr) 0 [VZkJ
| Hir2F 0B 1 + a(Hg 2B 2 + Lito) (Hrp2Eg 2 + Lgyo) +
[0 0 0 W Vg
+ |10 Hgy 0 Wit | + | Vet
|10 HyyoF g0 Hpyo| | Wito Vk42
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assuming z = 3 for the sake of lucid apprehension. The underlying assumption is
that zm > s, signifying a scenario where the number of measurements available
is greater than the dimensionality of the rejected inputs. To reject ¢, let us
proceed as follows:

Hy Ly
Cik = Hy 1 Frp , Cax = o(Hp11Ep41 + L) ,
Hy 1 oFp 1 2Fp1 a(Hyt2[Fri2Ex 11 + aEgio] + alig2)
0 0
Csx = (Hi41Eg 41 + Liy1) 0 ;
HioFip2Br1 + a(Hp2Epq + Lig2) (Hpq2Epi2 + Lig2)
0 0 0

Csx =10 Hpy 0
OHy 2Fp 0 Hyyo

The compact form for the measurement equation can be defined as,

X

gk = [Cl,k Cz,k} {qllj + C3 kY + CaxWy, + U (5)

Further, combining Eq: (1a) and Eq: (5), and further reorganizing the equa-
tion, leads to the following equation,

Xk | _ Fixp—1 + Epqy + [10 0] @y,
C1 xXk Uk — Co2xar — C3xVk — CaxWr — Vg

(6)

The equation can further be restructured to represent a process equation for xy,
with y being an additional input injected into the process, as,

7] oLl L8 LA o)
Cix 0 | |xp—1| |I Yk —Cax Ak —C3x Tk —Cyx| -1 7F

7
With

E;
& = 6R(n+zm)><s
e

Note that the matrix & possesses full column rank, implying unique solu-
tions. Assuming JP, € R(vzm=—s)x(ntzm) . p, e — 0, pre-multiplying both
sides of the equation by Py, eliminates the dependency of the process equation
from qg, yielding:

I —Fk Xk o 0| _ 0
Pelon o) bt =P e e,

Further assigning

I -F
My = Py Cixk Ok

position of My, as M = QuRy, with Qp € R(ntzm=s)x(ntzm=s) anq R, €

_ 7 _ 0| ._
J Vi +P [_04,1(] W +Pyg {—I} Vg
(®)

)

] e R(tzm=s)x2n and considering a QR decom-
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R(ntzm=s)x2n gych that Qng = I and Ry is upper triangular, the following
expression can be arrived at,

R [ & ] = QL Py {(I)] Ui+ QL Py, [_g

_ A _ 0| _
. k] o+ QL Py {—C } W+ QF Py, [—I] Vg,

(9)

i )

With,

0 0 A 0
Gr = QL Py, [I} ; Io = QL Py, [_03 J ; Wi = QL Py, [_Cuj Ve = QI Py, [—I}

)

The process equation can be compacted as,

R L::kj = Gk + LYk + Wiy + Vi (10)
Segmenting the upper triangular matrix Ry into 4 blocks as:
_ [m g
Re= |6 o (1)

where Ri! € R™*" Ri%2 € R™ " and R}* € RGEM=9)%1 and accordingly seg-
menting G, I, Wi, and Vi, two blocks of dimension R™*?™ and R(zm—s)xzm_
the following expression is attained.

RUR2 [xe ] [G  [m. il i
[0 R2| x| ~ |G2 Uk + I Y + W3 W + V2 Uy, (12)
and further simplified to be integrated within the filtering framework by
shifting the time index for the measurement equation as,

—1 —1 _ ~ . ~ _ _ _
Xp = —[Rllcl R}CQ]X}C,1 + [R]1€1 . Gi}yk‘ + wy with wy, = Fkl’yk + W,iwk + V,iuk
2k = Riilxk + vy with v = F]?’?k + W}?lf/k + V}?l_/k

(13)

wherein the system state xj is being observed with a transformed measure-
ment as Zx = Gi +1Uk+1- Finally, the filtering equations are derived as,

Xi = FpXgp—1 + Grlr + Wi, (14)

Zp = HpXp + Vi
with i = —[RE-RI2), Gy = [RE - G, and Hy = R, Wi and ¥y
represent the process and measurement uncertainty of covariance Qj and Ry
respectively. The covariances can be obtained from their respective expressions
given in this derivation, which are not explicitly detailed here for the sake of
brevity. Next, the traditional Kalman Filter (KF) framework for state estima-
tion is employed to estimate the system states with sparse measurement data.
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Discussion regarding the KF is also avoided here, and the readers can refer to
any pertinent literature for the same.

In the following, the proposed methodology has been experimentally vali-
dated using a lumped mass representation of a system. The numerical validation
is detailed in the following.

3 Numerical examples

The numerical demonstration of the virtual sensor-based state estimation ap-
proach involves two distinct case studies: (a) the analysis of a 6-DOF lumped
mass system and (b) the examination of a cantilever beam. Both systems are
subjected to ambient forcing represented with stationary white Gaussian noise
(SWGN). During a simulated duration of 100 seconds, acceleration data is gener-
ated and consistently sampled. To emulate real-world conditions, the simulated
response is intentionally tainted with 1% SWGN noise.

ke ke
2 Z
— Parameter Value
Ts
ks ks my - —mg lkg
2 2
k& ky 13 N/m
s
Ta
ky ky k3& ky 11 N/m
2 2
ks& ke 9 N/m

&, 0.75 N.s/m
c3& ¢y 0.5 N.s/m

cs& cq 0.25 N.s/m

|

SRRERE

Fig. 1. Schematic diagram of 6-DOF lumped mass model

The study utilizes a 6-DOF lumped mass model, as illustrated in Fig. 1, with
specific details provided in the schematic (cf. Figure 1). The chosen sampling
frequency of 10 Hz is deemed adequate for capturing the system dynamics, as
evidenced by the dominant natural frequencies. A SWGN forcing, represented
by the same force model adopted in this study with a being 0.05, qo = 0 and 7~y
assumed to be a SWGN process of statistics N (0 N, 1072 N), is adopted for the
simulation.

The proposed approach enables state estimation without requiring explicit
or statistical information about the input forces (as indicated in Eq. (14)). The
efficacy of the estimation is demonstrated by comparing the predicted measure-
ments to the actual ones. Given that the primary objective of this study is to
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devise an approach suitable for wind turbine monitoring, where displacement is
considered a more proficient sensor measurement, the study focuses on compar-
ing displacement responses.

Several experiments involving different combinations of sensor locations and
density are conducted. Initially, all nodes are assumed to be instrumented (case 1),
eliminating the need for virtual sensors. Still, to satisfy the constraint, an ad-
ditional layer of virtual sensors is added. However, as the number of physical
sensors is reduced (3 sensors in Case 2 or 2 sensors in Case 3), the employment
of virtual sensors becomes necessary. The selection of the temporal depth for
virtual sensors (k+1,k+2,...) is dependent on the condition that a non-empty
G% matrix exists. This condition stems from the construction of the P; matrix,
derived from the left null space of &. In cases where measurements are sparse
compared to the dimension of the rejected input, the resulting Pj matrix fails
to guarantee a non-empty G?, which is essential for effective input rejection.

The estimation results for Case 1 are depicted in Fig. 2, revealing precise
estimations of displacements. While other state estimates exhibit similar high-
quality precision, they are not included here for the sake of brevity.

Displacement at dof 1 Displacement at dof 2
= 0.05 = 01
E £
5
g
] 0
2
Z
2-0.05 S-0.1
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
Displacement at dof 3 Displacement at dof 4
B0 X
0 0
2-01 &-01
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
Displacement at dof 5 Displacement at dof 6
201 702
0
0
-0.1
& .. 2.2
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig. 2. Displacement estimates for all the dofs instrumented, 1% noisy data.— Actual
—Estimated

In the second case study, only the 1%¢, 3¢, and 6" nodes are instrumented,
introducing an artificial scarcity in the available data. Due to the condition on
the G% matrix, it is observed that the typical Kalman Filter (KF) approach
is not applicable, necessitating the use of virtual sensors. Two levels of virtual
sensors (k+1 and k+2) are employed, resulting in an estimation lag of two time
instances. The estimation results for displacement time histories are presented
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in Fig. 3. Despite this lag, only negligible deterioration is observed in the time
histories corresponding to the unmeasured degrees of freedom.

— Displacement at dof 1 — Displacement at dof 2
E 004 E 01
E 0.02
g
5 0 0
3-0.02
2-0.04
a A-0.1
0 20 40 60 80 100 = 0 20 40 60 80 100
Time (s) Time (s)

Displacement at dof 3 Displacement at dof 4

E o1 £
0 0
0.1 Z-0.1
0 20 40 60 80 00 = 0 20 40 60 80 100
Time (s) Time (s)
P Displacement at dof 5 - Displacement at dof 6
g g 02
= 0.1 £
0
0
-0.1
A -0. A-0.2
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig.3. Displacement estimates for half the dofs instrumented, 1% noisy
data.—Actual —Estimated

In the third case study, only two sensors are positioned at the 1% and 6

nodes. The conditionality check for GZ indicates the necessity of three levels of
virtual sensors. Consequently, the estimation is carried out for the states, and
the corresponding displacements are presented in Fig. 4. The results show con-
siderable improvement over the estimates via a conventional approach wherein
the unknown inputs are modelled as a SWGN noise of known covariance (For
comparison, see Fig. 5).

Due to limited page constraints, detailed analysis and investigation into the
performance of the proposed approach with more complex real-life systems, un-
der varying noise contamination levels and different sensor locations and respec-
tive stability analysis had to be omitted. These aspects will be comprehensively
addressed in future publications.

4 Conclusion

The paper addresses challenges in monitoring high-dimensional structures with
a limited number of sensors and intricate high-dimensional models. To overcome
these challenges, it proposes an efficient estimation approach lagged in time,
utilizing future measurements as responses sampled from virtual sensors. Along-
side current-time measurements from physical sensors, these virtual sensors are
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Fig. 4. Displacement estimates for one third of the dofs instrumented, 1% noise, using

current input-free formulation. — Actual —Estimated

Displacement at dof 1

Displacement at dof 2

= 0. =01
E £
E
g
E 0 0
2
2
2-0.05 -0.1
20 40 60 80 100 20 40 60 80 100
Time (s) Time (s)
Displacement at dof 3 Displacement at dof 4
£ 0.1 £ 0.1
0 0
-0.1 -0.1
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
Displacement at dof 5 02 Displacement at dof 6
Eo01 £
0 0
201
= 2.0.2
0 20 40 60 80 100 20 40 60 80 100
Time (s) Time (s)
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observed through a novel mapping, offering a robust solution to sparse instru-
mentation issues. The efficacy of the method is demonstrated through testing on
linear time-invariant systems, successfully estimating unobserved states within
the traditional Kalman filtering framework. This success encourages further ex-
ploration of the approach to more complex linear time-variant systems, with
potential extensions to parameter estimation for structural condition monitor-
ing.
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