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ABSTRACT!

An integrated sensor system that continuously monitors the structural integrity of
an aircraft’s critical composite components can have a high payoff by reducing risks,
costs, inspections, and unscheduled maintenance, while increasing safety. Hybrid
sensor networks combine or fuse different types of sensors. Fiber Bragg Grating
(FBG) sensors can be inserted in layers of composite structures to provide local
damage detection, while surface mounted Piezoelectric (PZT) sensors can provide
global damage detection for the host structure under consideration. This paper
describes an example of optimal sensor fusion, which combines FBG sensors and PZT
sensors. Optimal sensor fusion tries to find the optimal number and location of
different types of sensors such that their combined probability of detection (POD) is
maximized. Optimal hybrid sensor networks can be more robust, more accurate,
and/or cheaper than networks consisting only of homogenous sensors.

INTRODUCTION

Due to increased use of composites in advanced rotorcraft structures, there are
strong needs for integrated health monitoring systems for damage tolerance assurance
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of these components [1-6]. A system that continuously monitors structural integrity
can have a high payoff by reducing/eliminating inspections and unscheduled
maintenance while increasing safety [1-15]. For example, optical Fiber Bragg Grating
(FBG) sensors can be used as embedded strain sensors [9, 10] for in-situ structural
health monitoring (SHM) of composite structures. In addition, significant work has
been done in the area of computational modeling [7-9] and experimental testing [10-
15] of embedded and surface mounted sensors in composites. A hybrid combination
these sensors can provide accuracy, robustness, cost, and risk reduction advantages.

A core problem is how to combine information from different sensor types to
improve damage detection. This paper proposes a generic sensor fusion approach that
combines probabilities of detection (POD) of damage. A related problem is how to
place sensors to maximize a fused POD - a complex global optimization problem [16,
17]. This paper demonstrates an approach based on efficient decoupled optimizations
of FBG and PZT networks. The results are then combined probabilistically in POD
maps. The accuracy of the solutions is evaluated by computing upper bounds of the
objective. The paper is structured as follows: the physical setup and the optimization
of PZT sensor networks by a greedy algorithm are described first. This PZT
optimization is similar to the FBG optimization described in [1]. These two
optimizations are combined in an optimal sensor fusion approach. POD maps and
applications of the optimization are discussed in the last section.

DESCRIPTION OF THE PHYSICAL SETUP

This section describes the damage detection model. A helicopter composite
flexbeam is composed of a set of plies or layers. The flexbeam is a safety critical
component that is highly loaded and susceptible to cracks. In this study, it is
assumed that cracks can only develop at ply drop locations (i.e., at the ends of plies
that terminate in the interior of the structure), as shown in Figure 1. There are N,
plies in the sample labeled with an index
Cracks: A crack ¢ = (X, Y., o) is defined by its coordinates (X, Y.) and length o. Here,
(X, Ye) Is the location of the beginning of the crack, where X. is the radial coordinate
down the length of the flexbeam, and y. is the transverse coordinate through the
thickness of the flexbeam. A set of possible cracks or delaminations is denoted by C =
{(X:, Ve, @)}. It is assumed that all cracks have the same size a = 1.5 inches. We
assume that |C| equals the number of plies that terminate at ply drops. P(c) denotes the
probability of having a crack ¢ = (X, Y., @) and was assumed to be 0.035.
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Figure 1. Flexbeam Cross Section;
Ply Drops (red crosses) are Possible Crack Locations.



It was also assumed that the sum of all P(c) values is less than or equal to unity.
Although, in principle, multiple damage sites can exist in a component, in this paper it
is assumed that either no cracks or only a single crack exists in a flexbeam.

Loading: The sensor network was optimized for a static load generated by a flexoeam
tip deflection d of 3.00 inches. For simplicity, the fixed crack length o and tip
deflection d are implicit in the rest of this paper.

Sensors:  PZT sensors are positioned on the surface of the component. FBG sensors
are positioned on fibers inside the component along plies.

PZT SENSOR OPTIMIZATION

The goal of PZT optimization is to find surface-mounted sensor positions that
maximize the probability of detecting interior cracks. This optimization is similar to
FBG sensor optimization described in [1]. PZT devices are positioned on the surface
of the sample along the length of the flexbeam. The position of a PZT device is
denoted by the x coordinate of the beginning (i.e., left-hand side) of that device. Given
two PZT devices positioned at x; and x,, the device at x; acts as an actuator that sends
a signal into the sample that is received by the device at x, > x;. For a given crack ¢ =
(X, Ye, @), the probability of detecting this crack by the PZT device pair (X, Xp) 1S
denoted by P(X;, X, C). P(X1, X,, €) is computed from an analytic model created by
fitting data from acoustic wave propagation simulations where reflected amplitude
maxima were monotonically mapped to probabilities of detection.

The length L of the flexbeam is divided into equal-sized elements. Each PZT
actuator or receiver is located at one of these elements and occupies a whole number
ezt OFf elements. A PZT sensor consists of an actuator and a receiver separated by a
fixed distance do. Hence, the POD P(x; x;, ¢) = P(x; c) is only a function of the
actuator location x;. The minimum distance between two consecutive PZT sensors is
specified as a given number of elements d .

The probability that a set of PZT sensors, located atX = (xy,...,X,), detects a crack
c is given by:

POD;; (%, ¢) = [1- [ [ (1-P(x;,c))]-P(c) (D

i=1,n

For a given set of cracks C, the optimization objective is given by:

POD,,; (X, C) = Z POD,; (X, c) )

ceC

This is the average probability of detecting a crack in C. It is referred to as the exact
objective or exact probability of detection POD5p,t to distinguish it from approximate
objectives denoted by POD’pzr. The sensor optimization problem is to find a set of n

PZT sensor locations X~ = (Xy,...,X,) such that:

X =arg max PODr (%, C) (3)

Xi =X 2 Apzr +dpins b j=1.,n, 0 # ] 0<X; <L-Apzp; i=1..,n



The above is a complex global optimization problem that has many local maxima.
The next section describes an efficient greedy algorithm for finding good initial
solutions using an approximate objective POD’pzt. These approximate solutions can
be evaluated by the exact objective. If the value of the exact objective PODp,t is not
satisfactory (e.g., itis not sufficiently close to 1 or to a computed upper bound), then
the approximate solution can be further improved by continuous local optimization.

Greedy Algorithm

The optimization problem, defined by Equation 3, can be solved by a greedy
algorithm that is similar to the procedure used to optimize FBG sensor networks in [1].
The approach is to first define an approximate objective for each element location x;as
an average probability of detecting all the cracks in C with a PZT sensor at that
position.

POD'p,7 (X;) = ZP(Xi ,C)P(C) (4)

ceC

The first PZT sensor is positioned at X, - the location of the largest value of POD’pzr.

X, = argmax POD,(X;) (5)
Xl

The second sensor is positioned at the location of the next largest feasible value of
POD’pz1, such that|x, —X, [> Ao+ +d,;,. This procedure continues positioning
additional sensors in the same way and was used to determine the seven optimal PZT
sensor positions shown in Figure 2. The numbers denote the order in which the
sensors were placed, and the vertical lines show the locations of the ply drops. The
exact objective PODpzr was evaluated for one to ten sensor greedy algorithm
solutions. The results are shown in Figure 3. As expected, the detection probability
increases with the number of sensors. For six or more sensors, the POD curve
saturates because additional sensors would have to be positioned in regions where
POD’pzt vanishes, as seen in Figure 2.
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Figure 2 (left). Approximate Objective POD’sr and a 7 PZT Sensor Greedy Solution (Ply 12).
Figure 3 (right). Exact Objective PODp Applied to Greedy Solutions vs. Number of PZT Sensors
in Ply 12 (blue curwe).



HYBRID SENSOR FUSION

This section defines a hybrid sensor fusion formulation using POD objective
functions. Assume that there are n PZT sensors at locations X and m FBG sensors at
locations g . Analogous to the FBG greedy optimization problem, the combined POD
of the two sets of sensors is given by the exact objective function:

PODeggy pzr(X, G, C) = Zcec P(c)-[1- H(l_ P(x;,c)) H 1-P(g;.0)] (6)

i=1,n j=1Lm

This objective function can be approximated by a separable objective POD¥g¢,p77
given by Equation 7. (PODggg iS given by an equation similar to Equation 1.)

PODFEeipzr (%,9,C) =1- (1~ POD,1 (X, C)) - (1 - PODg (3, C)) (7)

The separable objective POD{E .-+ Was used because PODggg and PODp,t could
be evaluated independently. This enabled the PZT and FBG optimizations to be
decoupled. The formulation of Equation 7 can be extended to other types of sensors
for which a POD can be computed. It can also be extended to any number of different
types of sensors.

POD Bounds and Error Estimates

The above objectives have computable upper bounds. For example, denoting by
N the total number of elements x; on which PZT sensors can be located, and by M the
total number of elements g; on which FBG sensors can be located, the inequality in
Equation 8 holds for any n and m.

POD¢geypzr((X1s X1 91009 ), C) < ZCGC [1- H(l— P(x;.c)) H(l— P(g;,¢))]-P(c) = Uy
i=LN =M @)

If (x",g") isa global maximum of POD,,,»(%,C), and (x,g) is a solution obtained
by any other procedure, then the bounds in Equation 9 hold:

Lbd = I:’C)DFBGXPZT()_{’ gl C) < PODFBGXPZT()_{*’ Q*’ C) = Ubd (9)

Equation 9 provides upper and lower bounds of the global optimum of the exact
objective PODgpgypzt. Hence, the difference U,y — Lyg provides an error estimate of
the global optimum. For example, the upper bound U4 is represented by the horizontal
black line, and the lower bound is represented by the blue curve in Figure 3. Here, the
number of FBG sensors is 0 because only PZT sensors were used. Note that, in some
cases, the upper bound U,q can be less than one.

Complete Problem Formulation

The complete hybrid sensor optimization problem is expressed by Equation 10.
The problem is to find n PZT sensor locations X =(xj,...,x,) and m FBG sensor



locations § =(9;,....9,) that maximize POD,yq.,(%.6,C). Solutions must satisfy
feasibility bounds and constraints (i.e., the FBG sensors cannot be positioned at
locations where they could be damaged by peak strain fields). Here, Argg IS the FBG
sensor size, and b, 1S the minimum distance between FBG sensors.

(X, @)* = arg max POD¢geypzr(X, 8, C) (10)
%9

|X|_X] |Zﬂ’PZT+dm|n i,j:l,...,n iij

19i =9 = App +Dpin - Lj=1.om =]

0<X; <L-Agsr i=1,..n

0<g; <L-Agg i=1

Approximate solutions to this problem can be found by independently optimizing
the PZT and FBG sensor networks with greedy approaches. These solutions can then

be evaluated with the separable objective function PODg0-r and the exact objective

function PODggeypzt. If the computed POD values found by such a procedure do not
meet engineering requirements, the solutions can be improved either iteratively or by
local optimization. If the exact objective PODggeyezt IS Close to 1 or to the computed
upper bound Uyg, then the solution can be considered to be close to a global optimum.
The results shown below were obtained by this approximate optimization procedure.

Example Solutions

Objective functions for combined FBG and PZT sensor networks are shown in
Figure 4 (separable) and Figure 5 (exact). These are referred to as optimal POD maps
and are similar in this case. The relative difference between the separable and exact
PODs is shown in Figure 6 and is defined as (PODgggxpz — POD**rpexezr)
/PODrgeyezt. The relative difference approaches 0 as the number of sensors increases.
Note that the maximum PODggg ~ 0.55 and the maximum PODgpz1r ~ 0.8, while the
hybrid solutions give a maximum PODgggyezr ~ 0.9. Hence, the combination of the
two types of sensors gives a higher POD than a network with only one type of sensor.
This can be understood from objective function distributions. In particular, although
not shown, the PZT objective function has large values in the center of the flexbeam
where the FBG objective values vanish.

APPLICATIONS OF OPTIMAL SENSOR FUSION

Combined PZT and FBG optimal POD maps can be used to answer three main
classes of problems. (1) For given numbers of FBG and PZT sensors, what sensor
configuration(s) achieve the maximum attainable POD? For example, with seven PZT
and seven FBG sensors in ply 12, a lower bound of the maximum value of
PODrggeyezT 1S 0.9, as shown in Figure 5. (PZT solutions that give this POD are shown
in Figure 2.) In general, these solutions are not unique. (2) How many PZT and FBG
sensors are needed to achieve a given target POD? What are the corresponding sensor
configurations? For example, for a target POD of 0.85 in ply 12, six FBG and five
PZT sensors or five FBG and six PZT sensors would be sufficient (Figure 5). These




solutions can be obtained by selecting the best five or six sensor positions from the
approximate PZT objective curve in Figure 2 and a corresponding FBG approximate
objective curve. (3) What is the minimum number of sensors that give the maximum
(or a given) POD? For example, six PZT and six FBG sensors provide the maximum
POD value 0f 0.9 in the case illustrated in Figure 5.

CONCLUSIONS

A generic sensor fusion approach that combines the POD(s) of heterogeneous
sensors was described. In particular, an optimal sensor fusion approach was defined
and demonstrated on hybrid FBG and PZT sensor arrays. Computable lower and
upper error bounds of a POD objective function were determined. The optimization
approach combines the optimization of FBG networks with the optimization of PZT
networks. PZT sensor network optimization uses a greedy algorithm that is combined
with an analytical model that computes delamination detection probabilities for pairs
of PZT devices. The optimization approach can be used to distinguish situations
where hybrid heterogeneous sensor networks are better than homogeneous sensor
networks.

POD Map PZT x FBG, Separable POD POD Map PZT x FBG, Exact POD
Max POD: 0.91 Max POD: 0.9

POD PZT x FBG
POD PZT x FBG

N FBG Sens 00 N PZT Sens N FBG Sens 00 N PZT Sens

Figure 4 (left). Separable Objective Map of Greedy Solutions for PZT and FBG Sensors (Ply 12).
Figure 5 (right). Exact Objective Map of Greedy Solutions for PZT and FBG Sensors (Ply 12).
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Figure 6 (bottom). Relative Difference between Separable and Exact Objectives (Ply 12).
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