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Long-range impact localization with a frequency domain triangulation technique:
Application to a large aircraft composite panel

Dimitri Goutaudier®®** Didier Gendre®, Véronique Kehr-Candille?, Roger Ohayon®

®Onera, Department of Materials and Structures, Chdtillon, France
b Airbus, Airport Operations, Blagnac, France
¢Cnam, Structural Mechanics and Coupled Systems Lab., Paris, France

Abstract

Classical triangulation techniques determine the impact point by capturing the Time of Arrival (TOA) delays of some
elastic waves at different sensor locations. This paper presents an impact localization technique that exploits the low
frequency content of the global vibration response. A modal signature of the impact location is described instead of a
time signature based on the TOAs. The proposed approach uses the simple idea that the vibration modes of a structure
are not excited in the same proportions depending on impact location. The proposed method is applied to a large aircraft
composite panel equipped with a sparse distribution of accelerometers. An experimental modal analysis was performed
prior to the impact tests to identify the first low frequency vibration modes of the structure within 10-50Hz. The results

of the study show that the technique succesfully localizes impacts applied at any location on the panel.
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1. Introduction

It is now well-known that impacts on composite panels
may produce internal damages without obvious external
evidence [I], 2, B]. Since composites are widely used in
aerospace structures, reporting impact events is an im-
portant task of Structural Health Monitoring. A poten-
tial enabler would be an impact monitoring system that
could detect when and where an impact occurred. Hence
it would be faster to check the structure’s integrity with a
non-destructive technique [4] as the impact location would
be known prior to the inspection.

In the literature, various techniques have been developed
to determine the impact location from measurements of
sensors installed on the target structure. Since an impact
generates elastic waves propagating in the structure [5],
many wave-based localization techniques have been pro-
posed. These techniques consist in detecting the Time Of
Arrival (TOA) delays of specific elastic waves at the sensor
locations to triangulate the impact point. Zhao et al. [6]
used the antisymmetric Lamb wave mode Ag [7] to trian-
gulate an impact event on a Carbon Fiber Reinforced Poly-
mer (CFRP) plate equipped with 4 strain gauges. First,
they detected the TOAs of Ag waves with a wavelet trans-
form analysis of the measured signals. Then, they numer-
ically solved a nonlinear set of equations to estimate the
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coordinates of the impact point. However the applicabil-
ity of this method on complex structures is limited as the
wave velocity model relies on the structural geometry and
the properties of the propagation media. To overcome this
difficulty, Frieden et al. [§] used a reference data set to in-
fer the impact location on a CFRP plate equipped with
4 FBG sensors. First, the TOAs of Ag Lamb waves were
estimated with a threshold method. Then, each pair of
TOA was converted into an iso-propagation line with an
interpolation technique using the reference data set. The
intersection of these lines finally gave an estimation of the
impact location. Many methods based on Artificial Neural
Networks (ANNs) have also been proposed to triangulate
the impact location without any assumption on the prop-
agation media. ANNs are mathematical models that can
be trained with a reference data set to model a nonlinear
relationship between inputs and outputs. Zhong et al. [9]
used an ANN trained with 50 reference impact tests to
detect impacts on a large stiffened composite structure.
The inputs of the ANN were the measurements of 10 PZT
sensors and the outputs were the impact location and the
impact energy. However, the construction of the reference
data set, consisting in applying multiple impacts on the
structure, may not be affordable in some applications. Al-
ternatively, Sharif-Khodaei et al. [10] generated numerical
measurements with a finite element model of the structure
to train the ANN. Yet, the discrepancies between the finite
element model and the real structure may result in large
localization errors. Eventually, it can be mentioned that
triangulation techniques have been successfully validated
on large aerospace structures [I1 12 [13]. Yet, the density
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of the sensor network to achieve accurate impact localiza-
tion may be prohibitive for an industrial application.

To overcome the difficulties of the wave-based techniques,
a number of localization techniques based on the complete
vibration response have been developed. Sweeping tech-
niques consist in solving the inverse problem of force re-
construction through moving the estimated impact loca-
tion [I4, 15, 16]. The candidate that minimizes an error
between model predictions and measurements is selected
as the impact point. However, this approach is limited
when the structure’s dimensions are large as the number
of potential impact locations significantly increases. Be-
sides, the force reconstruction problem is ill-conditioned
hence a regularization technique must be employed [17].
The selection of the regularization parameter is repetitive
[18, [19] which can be too time consuming for a real-time
impact identification. More advanced signal processing
techniques based on the complete vibration response have
also been employed to localize impact events on complex
structures. Qiu et al. [20] used a time-reversal technique
to estimate the impact locations on an aircraft wing box
equipped with 24 PZT sensors. Kim et al. [2I] used a
normalized cross-correlation technique to localize impact
events on a composite panel equipped with 4 FBG sensors.

The previous studies become limited with regard to the
applicability for large and complex structures as the re-
quired number of sensors and the signal processing time
significantly increase. In this paper, a long-range localiza-
tion technique is proposed to achieve impact localization
with a limited number of sensors. The applicability of the
proposed technique does not depend on the structural ge-
ometry or the properties of the materials. Instead, the
proposed technique relies on the knowledge of a few low
frequency vibration modes of the structure that can be
determined either experimentally or numerically [22]. The
basic idea of the proposed approach is that the vibration
modes are not excited in the same proportions depending
on impact location. A few techniques are also based on this
idea [23] [24] but experiments have only been conducted on
beam-like structures. In addition, the choice of the vibra-
tion modes to be kept in the analysis is not addressed while
it drives the accuracy of the impact localization. In this
work, the authors describe a modal signature of the impact
location. A criterion is presented to select appropriate vi-
bration modes in the analysis. The proposed technique
is validated on a commercial aircraft panel equipped with
a sparse distribution of accelerometers. Experimental re-
sults show that the proposed technique achieves accurate
impact localization even if the impact point is far from the
nearest sensor of the network.

The paper is organized as follow. Section [2] describes the
governing equation of the low frequency content of the im-
pact response. Section [3| presents a modal signature of
the impact location. Section [4] describes the proposed sig-

nal processing technique to achieve a long-range impact
localization from a sparse distribution of sensors. Eventu-
ally, section |5| is dedicated to the experimental validation
of the proposed impact identification methodology on a
large composite aircraft panel.

2. Low frequency content of the impact response

Consider a plate-like structure, initially at rest, undergo-
ing a transverse impact at time ty;. The impact energy
is assumed high enough to produce global vibrations of
the structure. Thereby, the transverse response ¢(t), mea-
sured at any sensor location, is typically divided in three
phases as follow. The impact first generates elastic waves
travelling in the structure. These waves reach the sensor
location at some time ¢; (TOA) and keep propagating in
phase (II). After various reflections, these waves superim-
pose, from time to, into vibration modes in phase (III).
The oscillatory response is ultimately damped due to dif-
ferent types of friction that dissipate the energy. These
three phases are depicted in Figure

q(t)

(1) (1

l

to t1  ta t

Figure 1: Illustration of the three phases in an impact response: (I)
rest (II) wave passages (III) modal superposition.

The low frequency content of phase (IIT) can be described
with a superposition of vibration modes as in [25]:

q(t) = Z¢j(0)¢j(F)(f¢*9j)(t) (1)

where C| F, f and 1 (t) are respectively the sensor location,
the impact point, the impact intensity and the unit load
history. ¢;(M) denotes the mass-normalized mode shape
of the j-th mode evaluated at some point M along the
transverse direction. (fi * g;)(t) denotes the convolution
product between the load history and the impulse response
of the j-th modal coordinate. This latter is defined by:

1
g;(t) = —e %%  sin (w;t) (2)

Wy
where wp; > 0 and n; < 1 are respectively the natural pul-
sation and the damping ratio of the j-th mode, and where

Wj :woj,/l—njz.



There are mainly three advantages in using the low fre-
quency content of the global vibrations. Firstly, it offers
the possibility to achieve a long-range localization of the
impact point as follow. The image of the impact location F’
in (1)) is clearly a list of modal ponderations ¢;(F'). These
latter can be sensed far from the impact point, as long as
the sensor is not located on a modal node (¢;(C) # 0).
An inverse technique, described in section [4.3] is then em-
ployed to retrieve the impact location from specific modal
ponderations. Secondly, the modal ponderations can be
estimated with a robust procedure since they are in the
vibration response for a long duration. On the opposite,
triangulation techniques are based on the challenging iden-
tification of the instant ¢; [T1]. Thirdly, sensors with a very
high sampling frequency are expensive.

There is however an intrinsic difficulty in using the global
vibrations for completly identifying an impact: the load
history cannot be accurately reconstructed. This can be
explained as follow. The impact response mainly consists
in free vibrations of the structure since the impact duration
T is usually very short. In fact, at an observation time
t > T, relation becomes:

qt)i>r = Z fK;6;(C)o;(F)g;(t — ;) (3)

where the constants K; and 7; solely depend on the mo-
tion of the structure at the instant ¢ = T". It becomes clear
that the image of the load history in the free vibrations is
a finite list of couples (K, 7;). Consequently, the accurate
variations of the load history cannot be captured in gen-
eral. For this reason, we will focuss on capturing only a
few important characteristics of the impact load, such as
the impact time and the impact duration (see section.

3. Triangulation in the frequency domain: a modal
signature of the impact location

Fundamentally, the localization of an impact applied on a
plate-like structure consists in determining its two coordi-
nates.

Triangulation techniques are usually developped in the
time domain [6, 8, [15]. First, the TOAs of some elastic
waves are captured at different sensor locations. Then, a
wave velocity model is used to convert a TOA delay At
into an iso-propagation line as described in [8]:

Liji(At) = {M | t:(Cj, M) — t1(C;, M) = At}  (4)

where t1(C;, M) represents the TOA at the sensor location
C; if the impact is applied at the point M. Each pair of
TOA defines a specific delay At;;. The iso-propagation
lines are then derived to estimate the impact location:

Njziliyi(Atji) = {F} (5)

At least two iso-propagation lines are required to estimate
the two coordinates of the impact point. Consequently, at
least three sensors are required to compute at least two
TOA delays.

In this study, a modal signature of the impact location
is proposed instead of a time signature. The proposed
approach can be seen as a triangulation technique in the
frequency domain as follow. First, a model identification
technique, described in section is used to identify the
modal ponderations through the following vector:

Zp = f.(61(F) ... pp(F))" (6)

Then, by analogy with triangulation techniques in the time
domain, the idea with this formalism is to determine the
set of the impact points that would excite two vibration
modes in a given proportion \. This leads to the concept
of iso-proportion line defined by:

Ljji(A) ={M | ¢;(M) = \pi(M)} (7)

In particular, L;,;(0) = {M | ¢;(M) = 0} is the nodal
line of the j-th vibration mode, noted L;(0) in the follow-
ing. Note that relation (|7) does not depend on the sensor
locations unlike relation. This is the key point of the
long-range localization strategy presented in section

It can be shown from relation @ that the impact occurred
at an intersection point of specific iso-proportion lines:

Fel(F) (8)
with:

rpy = {TA s 0) if 4 (F) = 0 for any j € [1,p]
My jeiljsi(Ni)  if ¢i(F) # 0 for some i € [1,p]
(9)
where \j; = ¢, (F)/¢:(F) is the ratio between the j-th and
i-th components of Zp.

In some cases, it exists a vibration modes family of the
structure such that:

I(F) = {F} (10)

This is notably the case for a simply supported isotropic
plate as depicted in Figure 2]

In general, however, it is likely that the set of intersection
points I(F) is not solely reduced to the impact point F.
For this reason, a tool is presented in section to deter-
mine the areas of the structure that are covered by a given
vibration modes family.
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Figure 2: Iso-proportion lines of a simply supported isotropic plate intersecting at the impact location only.

4. Long-range impact identification strategy

The proposed impact identification strategy is divided in
three steps:

Model identification: The unit load history and the
modal ponderations are identified from the sensor
measurements.

Reverse link: The impact location and its intensity
are retrieved from the modal ponderations.

Data fusion: The individual localization results of each
sensor of the network are combined.

4.1. Model identification

An acceleration response model a(t) is used since accelerom-
eters are generally smaller than displacement sensors and
do not require a reference point. By separating the terms
depending on (C, ) from the terms depending on (F, f),
and by derivating twice with respect to time, equation
becomes: )

a(t) = Ly(t).Zp (11)

where Zy is defined by relation @ and:

Ly () = (61O (t) - 0 (Ohp(0)  (12)
with h;(t) = (¥ * ¢g;)(t). As mentioned in section using
the low frequency content of the vibration response results
in the impossibility of accurately reconstructing the unit
load history (t). Instead, we shall focuss on capturing
the impact time tg and its duration T through fitting a
parametric half-sine law as in [26]:

sin (r1212) if t € [to, to + T
0 elsewhere

¢(thTa t) = { (13)

Alternatively, an impulse model can be used to quickly
assess the impact time:

Y(to,t) = 0(t — to) (14)

where 0(t) is a Dirac function centered in ¢t = 0. Note that
hj(t) = g;(t —to) in this case.

The model identification is achieved through a minimiza-
tion procedure where the design variables are to, T and Zg.
The objective function is a quadratic distance between
the measurements a(?;) and the predictions a(t;). After
the resolution of the optimization problem, v is identified,
but the impact location F' and its intensity f are still to
be determined from the vector Zg.

4.2. Coverage of a vibration modes family

In practice, the iso-proportion lines @) cannot be derived
since the mode shapes are usually not analytically known.
As a result, the impact location cannot be estimated from
Zy by using the localization property . Instead, a N xp
modal matrix ® is available. Its columns are the dis-
cretized mode shapes evaluated along N transverse DOF's
of the structure. Let’s note ¢} the columns of ®7, called
modal ponderation vectors in the following, so that:

@7 = [¢1]...on]

Each DOF is mapped to a modal ponderation vector:

(15)

DOF; — ¢} (16)

Let’s abusively note F' € [1, N] the index of the impacted
DOF. Then, the vector Zg, called Amplified Modal Pon-
deration Vector (AMPV) in the following, is given by:

Zy = f.9p (17)



A procedure is presented in section [4.3] to retrieve the im-
pact location F' and its intensity f from an estimation Zr
of the AMPYV. More theory is however presented in the
following to motivate this inverse procedure.

Without any loss of generality, assume that p = 3 vibration
modes of the structure are selected in the analysis. The
normalized columns of ®7 can be distributed within the
half of a 3D unit sphere, even if that means turning upside
down some of them, as depicted in Figure

X3
¢y = 3

X1

Figure 3: Geometrical representation of the modal ponderation vec-
tors ¢} in the case p = 3 and N = 10. Each DOF is mapped to a
modal ponderation vector: DOF; +— ¢;.

In some areas of the sphere, some points might coincide,
meaning that a same modal ponderation vector ¢; is as-
sociated to two distinct DOF's of the structure. In other
areas, however, all the points may be distinct, meaning
that each DOF keeps its individuality in terms of modal
ponderations:

DOF; < ¢; (18)

Yet, even if all the points on the sphere are distinct, it is
also likely that two close points are not associated to two
close DOF's of the structure. A tool is therefore proposed
in the following to anticipate these cases.

Let’s note € > 0 a proximity tolerance. Each ¢; has a
specific deviation angle 6; € [0, /2] with respect to the
direction of ¢f. Let’s define a collinearity tolerance 6(F)
for the point F as follow: all the DOF; satisfying 0; < 6(F)
are associated to points of the structure that are e-close to
F. Now let’s define the largest collinearity tolerance for
the point F' by 6.(F) = sup 0(F'). Therefore, the mapping

M s 0.(M) (19)

indicates the areas that are best covered by the selected
vibration modes family (higher values of 6.). An example
of such a plot is presented in section [5.2]

4.3. Localization procedure

Assume that the selected vibration modes family covers
the impacted area for a given proximity tolerance e >
0, meaning that 6.(M) is not null for any point M in

this area. The estimated AMPV Zp may not be exactly
collinear to ¢} as in relation . Consequently, the re-
verse link might not be applicable. The proposed
localization procedure is as follow:

Inputs : &, 7y, v>1

Step 1: Compute the deviation angles 6; € [0,7/2]

between the vectors ¢} and the direction of Zg.
Step 2: Compute ém = min; 91

Step 3: Identify I C [1,N] such that 6; < ~46,, for
any ¢ € I.

Step 4: Associate a point F; of the structure for each
i € I (candidate impact points).

Step 5: Compute the collinearity factors for each i € T
(candidate impact intensities):
T 7
165113

Outputs: Set of candidate parameters (F;, f;)

fi= (20)

Step 3 selects the DOF's associated to the vectors ¢; that
are most collinear to Zg. Since 0, (F) is not null, the pro-
posed procedure can resist estimation errors on the modal
ponderations for localizing the impact point.

4.4. Data fusion

Consider that the structure is equipped with a network of
accelerometers located at some points C;. The model iden-
tification step, described in section can be performed
with each accelerometer measurements a(Cj,t). All the

estimated AMPVs Zg ) can then be used to improve the
localization performances.

A generalized intersection technique is proposed as follow.
First, define for each accelerometer an individual area of
localization A;:

a(Cy,t) — Z0) s A (21)

where A; is the set of the mesh cells containing at least

one DOF identified from Zg ) Then, find the subset A of
the cells that have been identified by the largest number
of sensors. This technique discards the localization results
that are too deviated from the majority.

In addition, the use of a sensor network allows to get a
better first estimate of the impact time by determining the
sensor responding first. Consequently, the estimation of
the parameter tg in the model identification step is strongly
eased.



5. Impact monitoring demonstration on a large air-
craft composite panel

The main objective of this work is to develop an impact lo-
calization technique that is applicable to a large composite
structure equipped with a sparse distribution of sensors.
In this context, classical triangulation techniques become
hardly applicable given that two sensors of the network
are separated with a long distance. The propagation me-
dia between the impact point and the sensor locations is
then likely to exhibit various obstacles to wave propaga-
tion (stringers, holes, assembly interfaces, etc.).

To overcome this difficulty, the proposed approach con-
sists in extracting specific modal ponderations from the
vibration measurements as a signature of the impact lo-
cation (see section . The key point is to use the global
vibration response of the structure that can be sensed at
any location, provided that the impact energy is sufficient.

The purpose of this section is to demonstrate the applica-
bility of the proposed approach on an industrial composite
structure with complex features.

5.1. Specimen and set-up

The specimen was a 9.24m x 2.40m stiffened composite panel
manufactured by Airbus (typical of a production part).
There were 13 stiffeners in z-direction and 7 in y-direction.
The panel had also three holes surrounded by rectangular
composite reinforcements (see Figure E[) The panel was
simply supported on six wood blocks and its extremities
were strapped to prevent eventual rebounds during the im-
pact tests.

Eight accelerometers PCB-356B21 were glued to the exter-
nal surface of the panel. The impacts were applied on mid
bays only with a hand-held impact hammer PCB-086D05.
The software LMS Test Lab 15A was used to record the
impact load history and the acceleration signals with a
sampling frequency of 5.12kHz and an acquisition time of
0.755s.

| J 5

CFRP reinforcement

Figure 4: Description of the experimental set-up.

5.2. Modal analysis

An Experimental Modal Analysis (EMA) of the structure
was performed prior to the impact tests with the soft-
ware LMS Test Lab 15A [27]. A tap testing technique was
used to identify 7 vibration modes within the frequency
band 10-50Hz. The results of the EMA are summarized
in Figure b} In particular, mode shape #4 shows that the
structure was not exactly symmetric. Figure [6] displays
the accelerometer locations C;7 to Cg and the main nodal
lines of the identified vibration modes.

The mapping with € = 43cm is displayed on Figurem
The blue areas (low values of 6.) are sensitive to estima-
tion errors on the modal ponderations. On the opposite,
the red areas (high values of 6.) are robust to estimation
errors. Therefore, it is expected to obtain lower localiza-
tion performances for impacts applied in the blue areas of
the panel.

13.2Hz - 0.42% 17.0Hz - 0.58%,

21.2Hz - 2.7%

39.4Hz - 0.94%

z

42 .8Hz - 1.1%

44.1Hz - 1.4%

Figure 5: Modal properties of the structure within 10-50Hz (mode
shape, natural frequency and damping ratio). Results of an Experi-
mental Modal Analysis performed with a tap testing technique.
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Figure 7: M +— 0c(M) with € = 43cm. Red zones are more robust to estimation errors on modal ponderations for localizing the impact point.

5.8. Implementation

The impact identification program was implemented with
Scilab 5.5.2. The model identification step, presented in
section was performed as follow. The objective func-
tion to be minimized was:

n

J(o, Zp) = Z(d(a, Zy.t;) — a(t;))?

i=1

(22)

were a(t) is defined by relation and « is the list of
parameters in the selected load model: (¢9,T") for the half-
sine model and tg only for the Dirac model .

First, the impact time ¢y was roughly estimated with the
sensor responding first. A threshold technique based on
the acceleration measurements was used (5% of the maxi-
mum amplitude). Let’s note 7 this first estimation. Then,
pre-defined values of the parameters were tested with re-
alistic values (see Table [I)):

t9) =7+ jAty (23)
T® =T, + kAT (24)

Note that the minimization of with a pre-defined
value of ¢ is a well-known linear least-squares minimiza-
tion problem. The couple (é&,Zg) minimizing the objec-
tive function was selected as the solution.

Eventually, the estimated AMPV Zp was used to deter-
mine the candidate parameters (F;, f;) with the localiza-

tion procedure described in section [£:3] To ease the vi-
sualization of the localization results on the planar rep-
resentation of the panel (see Figure @, a single estimate
(F, f) was computed from the candidates (F;, f;) with a
barycenter technique:
F G F,
A = w; 25
( f ) 2w ( fi ) 3
with w; = Cos(éi)/Zkej cos(fy) to give more weight to

i=1

candidates with small ;.

to T
T j T AT k
Threshold | —20 — 10 || 0.5ms | 0.5ms | 1 — 10

Table 1: Load history model parameters

5.4. Localization results

It is a remarkable advantage of the proposed approach
that the model identification step can be performed with
the measurements of one sensor only. Recall that classi-
cal triangulation techniques require at least three sensors
to determine the impact location on a plate-like structure.
Both the single-sensor and the multi-sensors approaches
were tested.

The impacts were applied at the center of the cells depicted
in Figure [4] (mid bay). A localization was deemed success-
ful if the localization error was lower than ¢ = 43cm. The



Dirac model (14) was used to investigate the influence of
the sensors selection on the localization performances.

Table [2| summarizes the results of the single-sensor ap-
proach. The opposite sensors (Cy,Cs) and (Cs,Cy) did
not provide similar localization performances. This could
be due to the assymmetry of the structure described in
section No clear explanation has been found to antic-
ipate the localization performances depending on the ac-
celerometer location. Yet, it is remarkable that the success
rate of e-localization reached 88% with the accelerometer
located in C3. In particular, the impact diametrically op-
posed to the sensor location (top/right corner of the panel)
was successfully localized (see Figure . In addition, only
three identifications failed (red crosses). Therefore, the
proposed single-sensor approach is validated on this com-
plex structure.

Sensor Ci Cy Cs Cy
Loc. (J48) | 11 | 42 | 24 | 34
Success 23% | 88% | 50% | 71%

Sensor Cs Cs C; | Cg
Loc. (/48) | 17 | 17 | 23 | 2
Success 35% | 35% | 48% | 4%

Table 2: Localization results with the single-sensor approach (num-
ber of successful e-localizations/48 and success rate).

The single-sensor approach is however hardly applicable in
operating conditions. If a sensor malfunctions, because of
an improper calibration for instance, the localization re-
sults might be erroneous. To prevent this risk, a solution
is to use at least 3 sensors. Table [l summarizes the results
obtained with different combinations of sensors. With this
approach, the localization performances are not correlated
with the number of sensors in the network (stabilization
at 77% success). However, the number of failed identifica-
tions is strongly decreased, meaning that the multi-sensors
approach is more reliable for identifying impact events.
For instance, 100% of the applied impacts were identified
with (C3,C3,Cy) (see Figure [J). Hence the strongly erro-
neous localization results of C's were successfully discarded
by using the intersection technique described in section[£:4]

Combination Loc. (/48) | Success
Cs,C3,Cy 37 %
C3,C3,Cy,Cy 36 5%
C3,C3,C4,C5, Cr 36 75%
Cs,C3,C4,Cs, Cg, Cy 37 %
C1,0s,03,04,C5,Cq, Cr 37 7%
C1,Cs,C3,04,C5,Cq, Cr, Cy 37 7%

Table 3: Localization results with the multi-sensors approach (num-
ber of successful e-localizations/48 and success rate).

Eventually, note that the lowest localization performances
correspond to the impacts applied in the bottom/right
quarter of the panel. This can be explained by the lowest
values of . in this area (see the blue zone in Figure [7).

5.5. Reconstruction results

The half-sine model was used to investigate the abil-
ity of the proposed approach to reconstruct the load his-
tory. The estimated impact amplitude, impact duration
and impulse (integral over time) have been compared to
the measured values. The results are summarized in Table
The impulse was less correctly estimated than expected
(32.3% relative error). Indeed, the localization results with
the impulse model supported that the impact durations
were short enough to assume a Dirac-like impact (with re-
spect to the dynamics of the selected vibration modes).
However, the proposed approach is efficient for estimating
the impact duration and the impact intensity, with respec-
tively 19.0% and 29.2% of average relative error.

Load parameter to T f )
Av. error 1.34ms | 19.0% | 29.2% | 32.3%

Table 4: Average errors of the estimated load parameters. i=impulse
(integral over time). Results of the single-sensor approach with Cs.

For instance, Figure shows the reconstruction of the
force applied in (5.79m,1.83m) with the measurements of
the accelerometer located in Cs. Figure shows the fre-
quency spectrum reconstruction of the associated accelera-
tion signal. The frequency band 10-50Hz was not perfectly
reconstructed (see the third modal ponderation). Yet, the
proposed procedure is robust enough to identify the im-
pact with estimation errors.

It should be mentioned that, in most cases, many shapes
of the load model led to a similar frequency spectrum re-
construction. Figure shows a family of load shapes
leading to less than 2% more of the identified minimum
of the objective function. This phenomenon can be ex-
plained as follow. Only low frequency vibration modes
were selected in the analysis (<50Hz) while frequencies up
to 250Hz were significantly excited. Hence most of the ac-
celeration amplitude was due to higher order modes. As
a result, the objective function was almost flat and vari-
ous combinations of the load parameters could lead to a
similar reconstruction of the acceleration data.
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Figure 8: Localization map with Cs only (green cross: impact location, black cross: estimate, red cross: failed identification).
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Figure 9: Localization map with (C2, C3, Cy). All the applied impacts are identified, even if the localization performances are globally lower
than with the single-sensor approach.
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Figure 10: Identification of the impact applied in (5.79m,1.83m) with the measurements of the accelerometer located in Cs.
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Figure 11: Family of load shapes reconstructing the measured data within 2% of the objective function minimum. Detailed plot of three
candidate load shapes with T3 < T2 < T7. The black crosses represent the peaks of the other candidate load histories.

9



6. Conclusion

A frequency domain triangulation technique was proposed
to localize impact events on a composite structure with
complex features. Instead of capturing the TOAs of some
elastic waves, specific modal ponderations are estimated as
a signature of the impact location. The structure’s com-
plexity is fully embedded in the low frequency vibration
modes selected in the analysis, which can be determined ei-
ther numerically of experimentally. In addition, compared
with classical triangulation techniques, the proposed tech-
nique is consistent with a single-sensor approach. Conse-
quently, a sensor far from the impact event can successfully
localize the impact point. The proposed impact monitor-
ing technique was successfully validated on a large aircraft
composite panel equipped with a sparse distribution of ac-
celerometers. The experimental results showed that a sin-
gle accelerometer could efficiently localize impacts applied
at any location on the panel.
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