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Abstract

Today, structural inspections of large structures, like wind turbines, bridges, etc., are often performed

manually by highly trained personnel. Obviously, this inspection approach is both extremely costly and

tedious, for which reason this paper provides a presentation of an alternative approach that monitors the

structures remotely without human involvement. DELORES (DEtection and LOcalization of RESponse

anomalies) is a first version of a system, which utilizes vibration recordings from the healthy and current

states of a structure to declare its current health. DELORES employs extended versions of the dynamic

damage locating vector (DDLV) and the stochastic dynamic damage locating vector (SDDLV) methods,

which include an outlier analysis scheme for a more unambiguous localization of potential damages.

The (S)DDLV methods are model-based, which means that a mechanical model of the healthy structure

in question is utilized along with measured vibrations of the real structure to determine its current health

situation. DELORES provides a user interface with various options that, among other things, make the

program suitable for structures modeled in two and three dimensions. The present paper will provide

a detailed description of DELORES, along with an application example in which vibrations from a

numerical model in three dimensions are treated.

1. INTRODUCTION

The present paper presents the first version of DELORES, which is a system that uses well-known

methods to detect and locate potential damages in structures. DELORES is based on ongoing academic

research by the authors [1–4] and is primarily developed for use in the wind turbine blade industry; but

can, theoretically, be applied to any given structure, which can be assumed to be in the linear domain.

Today, structural integrity assessment of wind turbine blades is typically based on visual inspections

performed by highly trained technicians via rope or platform access [5]. These inspections are obviously

very costly, since they demand a full stop of the wind turbine, certain weather conditions, transportation

and education of the technicians. The inspections are limited to the outer surfaces of the blade meaning

that potential damages in the underlying layers and the shear webs inside the blade cannot be identified

using this approach. This is a major limitation that can result in misleading health classification of

the blades. Therefore, the overall objective for DELORES is to develop a commercial SHM system

that is more cost efficient and reliable than the current approach. Such a SHM system can potentially

also be used for optimizing the structural design and operation of the turbines, thereby increasing the

productivity. DELORES will become a commercial system in the future, but is still in the development

phase where the utilized methods are tested and modules containing new methods are about to be added

to the program.

It is the intention that DELORES should contain different methods for both detection and local-

ization, so that the user can choose, which method to apply, depending on the structure in question. So

far, extended versions of the well-known dynamic damage locating vector (DDLV) [6] and stochastic

dynamic damage locating vector (SDDLV) [7] methods are implemented in DELORES, while other
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methods for both detection and localization will follow in the near future. These locating vector meth-

ods are both used for localization of damages and have already been described and applied in a number

of studies, see, e.g., [4, 8, 9]. However, for clarification a short introduction is given in the following

section.

2. DDLV AND SDDLV METHODOLOGY

The DDLV method uses the input excitation along with the corresponding output vibrations from the

pre- and post-damaged states of the structure to estimate the quasi-null space of the change in transfer

matrix. The vectors that span the null space are designated as DDLVs and by applying them as static

pseudo-loads to a mechanical model of the structure, the damage will, theoretically, appear as elements

containing strains and stresses approaching zero. However, input is often not available and the SDDLV

method should therefore be applied, since it only requires output vibrations to form a matrix that has

an equivalent null space to the one of the transfer matrix change. Recent research [8, 9] has shown

that by implementing a statistical pattern recognition process to a number of stress-fields calculated

from different SDDLVs, the precision of the method improves significantly. Therefore, the methods

implemented in DELORES are extended to include a statistical evaluation by means of the Mahalanobis

squared distance. In general, the extended version of the methods can be divided into four steps, namely;

system identification, locating vector estimations, static computation and statistical evaluation. The first

step describes the measured data mathematically using a system identification technique. In this context,

subspace identification [10] is used to form a state space representation, which for a time continuous

system is given as

ẋ(t) = Acx(t)+Bcu(t)+wk, (1)

y(t) =Ccx(t)+Dcu(t)+ vk, (2)

where x(t) ∈ R
v, u(t) ∈ R

p and y(t) ∈ R
q are the state vector, the input vector and the output vector,

respectively. Ac ∈ R
v×v is the state/system matrix, Bc ∈ R

v×p is the input influence matrix, Cc ∈ R
q×v

is the output matrix and Dc ∈ R
q×p is the direct input-output transmission matrix. The last two vectors,

wk(t) ∈ R
v and vk(t) ∈ R

q, contain unmeasured stationary noise/disturbances related to the output and

the process, respectively. The matrix and vector sizes are specified due to the number of inputs, p, the

number of outputs, q and the state space order, v. The transfer matrix, G(s), relates the input, U(s), and

output, Y (s), in the Laplace domain, i.e.,

Y (s) = G(s)U(s), (3)

where

G(s) =Cc(sI −Ac)
−1Bc +Dc. (4)

The transfer matrix can be determined directly through equation (4) for the DDLV method. However,

for the SDDLV method the state space matrices related to the input, i.e., Bc and Dc, are not available.

Instead an estimate for Bc is established applying the fact that there is a correlation between the input

and output. The approach is further described in [7] and ends up with;

G(s) = R(s)Dc, (5)

where

R(s) =CcA−β
c (sI −Ac)

−1H†
pL, (6)

in which the dagger sign designates the Moore-Penrose pseudo inverse and the exponent β = 0,1,2

depends on whether the measurements are displacement, velocity or acceleration. The matrices Hp and

L are defined by



Hp =

[

CcA
(1−β )
c

CcA
(−β )
c

]

(7)

and

L =

[

I

0

]

. (8)

Since the direct transmission matrix, Dc, is independent of the structural stiffness, it is assumed to be

constant between the pre- and post-damaged states. The locating vectors are thus found as the vectors

that span the quasi-null space of either

∆G(s) = G(s) = Gu(s)−Gd(s) (9)

or

∆R(s) = R(s) = Ru(s)−Rd(s), (10)

respectively, for the DDLV method and the SDDLV method. The indices u and d indicate the undamaged

and damaged states of the matrix. Performing singular value decomposition on ∆G(s) or ∆R(s), the

locating vectors are chosen as the right singular vectors associated with the smallest singular values.

As the third step of the method, the locating vectors are applied as static pseudo-loads to a repre-

sentative numerical model of the structure. The loads are applied in the same positions and directions

as those of the sensors used for capturing the response. The resulting stress-fields reveal damages as

elements containing stresses approaching zero. However, all s-values are not efficient for damage lo-

calization and the guidance in [7] therefore suggests that ∆G(s) and ∆R(s) are evaluated for s-values

close to, but not exactly at, an identified pole of the system. More specifically, for an identified pole, α ,

with the eigenfrequency, ωα , the s-value should be chosen outside the exclusionary perimeter defined

by 0.125ωα .

The method is extended to include a statistical evaluation on more stress-fields, from a number of

experiments, i = 1,2..n, that are evaluated for several s-values, j = 1,2..m, as it has shown to increase

the performance significantly. Thus, as the fourth step, an outlier analysis is performed for all elements,

k = 1,2..l, in the numerical model. Stress resultants from the current structure, gathered in xte ∈ R
m×l ,

are tested against training data from a prior healthy state of the structure, xtr ∈ R
n×m×l . The outlier

analysis is carried out using Mahalanobis metric and principal component analysis (PCA). The PCA is

used for reducing the data dimensionality from m to r and simultaneously discard irrelevant information.

The Mahalanobis metric is calculated for each element, in the numerical model, by

D2(xte,k) = (xte,k −µtr, jk)PkΛ
−1
k PT

k (xte,k −µtr, jk), (11)

where xte,k ∈ R
m is the current stress vector, while µtr, jk ∈ R

m is the mean of the training data. The ma-

trices Pk ∈R
m×r and Λk ∈R

r×r contain, respectively, the eigenvectors and eigenvalues of the covariance

matrix computed for the training data. The tested data is declared to be an outlier if the Mahalanobis

metric exceeds a given threshold. The threshold is determined by taking each row in xtr,k and computing

the Mahalanobis metric, with the remaining n− 1 rows as the basis. After sorting the n Mahalanobis

metrics in descending order, the threshold is chosen as the value exceeded by a certain percentage of

these Mahalanobis metrics.

3. IMPLEMENTATION IN DELORES

System identification is not included in DELORES, as there are many software packages offering tools

for this purpose. The System Identification Toolbox by MATLAB or similar should therefore be used

for estimating the state space models. DELORES consists of three tabs, each performing its own step of

the extended (S)DDLV method. To present the features of each tab, a simple numerical example treating

the hollow cantilever beam depicted in Figure 1 is examined.



Figure 1: Considered cantilevered beam modeled with first order shell elements. An impulse loading

is applied in the y-direction at the blue point, while the resulting vibrations are captured at the yellow

points in the y-direction. The red elements indicates the position of the applied damage.

The cantilever beam is 3000 mm long and fixed in all nodes at z = 0. The beam is modeled by first

order shell elements and the damage is modeled by simply removing all of the red elements shown

in Figure 1. For excitation of the beam an impulse load is applied in the y-direction at the blue point

shown in Figure 1, while the resulting acceleration responses are captured in the y-directions by twelve

”sensors” (yellow points). Responses from a healthy and damaged state of the structure are captured

with a sampling frequency of 2 kHz. These responses are duplicated 100 times and 3 % white Gaussian

noise is added in order to simulate a realistic test campaign. MATLAB System Identification Toolbox

is utilized to estimate state space models for each response, which are used as input to the Locating

Vector Estimation tab in DELORES, see Figure 2.

Figure 2: The interface of the Locating Vector Estimation tab in DELORES.

Depending on if Bc and Dc are available, the system will automatically determine if the locating vectors

should be based on the DDLV or SDDLV method. In this example, the input excitation is not captured

and DELORES will therefore apply the SDDLV method. After loading in the models it should be spec-

ified whether the data is captured as displacement, velocity or acceleration and subsequently decide if



the data combination should be healthy/healthy or healthy/current. The healthy/healthy option combines

models from the healthy state with other healthy state models, whereas the healthy/current option com-

bines healthy state models with current state models, which might contain a damage. The first option

is selected when the resulting (S)DDLVs are used for training the statistical model, while the latter is

selected when a current model is tested for potential damages. Next, the s-values for which the ∆G or ∆R

will be evaluated are selected around a pole contained in both the healthy and current models. Based on

the provided models, the system automatically generates histograms that review which eigenfrequencies

are excited in all models along with the mean damping ratio for each eigenfrequency. These histograms

can be used for selecting an appropriate pole and in this example a pole corresponding to an eigenfre-

quency of 26 Hz is chosen, since it is the most consistently excited eigenfrequency, both for the healthy

and current models. Based on a modal analysis, it is found that this eigenfrequency corresponds to the

first bending mode of the structure. The poles of the models will due to noise have a slight variation and

a frequency tolerance of 3 Hz is thus selected. Lastly, to secure the quality of the resulting SDDLVs, the

change between the lowest and second lowest singular values, when computing the SVD of ∆R must be

greater than a factor of 15. The values for the frequency tolerance and the change in singular value are

both heuristically selected.

Over 2300 SDDLVs are generated for the healthy/current configuration and 2000 for a similar

healthy/healthy configuration. It is chosen to use 2000 SDDLVs for each configuration in this example,

which corresponds to 400 separate tests as the number of s-values is 5. The SDDLVs are saved and

ready to be applied as static pseudo-loads in either the next tab of DELORES or in any commercial FE

program. The Static Analysis tab in DELORES is not fully implemented and the FEM calculations,

in this example, are therefore carried out in ANSYS workbench. However, the idea with the Static

Analysis tab is that the strain- or stress-fields are calculated directly in DELORES based on input files,

containing the system matrices and mesh topology of the system. Typically, the user will have an

existing FE model of the structure in another program and the necessary information can be extracted

directly from that model. The position and direction of the sensors are typed in and the program will

automatically locate the closest nodes and apply the loads in the specified directions, see, e.g., Figure 3.

Figure 3: The Static Analysis tab for generating stress/strain-fields.



In the last tab of DELORES, an outlier analysis is performed on the results from the numerical

computation. The data can sometimes contain large variations, which might affect the localization neg-

atively. Therefore, to reduce these variations, it is possible to use the mean of a number of stress-fields.

However in this example, the raw stress-fields are used directly for the outlier analysis. The results of

a PCA is examined in order to determine if the data dimensionality potentially can be reduced without

loosing any significant information. Here, it is chosen to keep the original dimension as all compo-

nents contain at least 1 % of the total information in the data. The result of the statistical evaluation is

shown to the right in Figure 4 from two different 2D angles and in Figure 5 from two different 3D angles.

Figure 4: The Statistical Evaluation tab, used to perform outlier analysis.

Figure 5: The resulting localization of the damage in the cantilevered beam.

From these results it appears that over 50 % of the tested data locates a damage in the position of the

actual damage. The damage is clearly identified even though some noise appears in a few other places.

The performance of the method can most likely be improved by adjusting the sensor directions, ex-

cite the structure differently or select other values for the pole, frequency tolerance, damping tolerance,

etc.. Inefficiently chosen sensor directions might cause elements in the resulting stress-fields to con-

tain stresses approaching zero, when SDDLVs from the healthy/healthy combination are applied to the

structure. This means that if these elements contain the damage, the damage will be hard to identify for



the outlier analysis, since the change between the healthy and damaged stress-fields will be very small.

For the current example, this issue might actually be what is experienced, since the sensor-directions are

limited to be acting along the y-axis.

4. CONCLUSION

This paper presents the first version of DELORES, which is a software program used for structural

health monitoring. So far, DELORES uses the extended DDLV and SDDLV methods for localization of

damages, while a detection method based on outlier analysis is about to be implemented. The SDDLV

method has in this paper successfully been demonstrated in the context of a numerical model of a three

dimensional cantilevered beam modeled with shell elements. Further development of DELORES will

include other methods for both detection and localization of damages. As new research is conducted and

tests of DELORES are performed, the applied methodologies will be improved, thereby causing new

versions and modules to be developed for DELORES. Future research regarding the (S)DDLV methods

will include development of tools that can reduce the amount of heuristically selected variables like

frequency tolerance, damping tolerance, etc. along with tools that can optimize the sensor-positioning

and secure a sufficient excitation of the structure.
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