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INTRODUCTION 
 
 Currently, wind turbines can incur unforeseen damage up to five times a year. 
Particularly during bad weather, wind turbines located offshore are difficult to 
access for visual inspection. As a result, long periods of turbine standstill can result 
in great economic inefficiencies that undermine the long-term viability of the 
technology. Hence, the load carrying structure should be monitored continuously in 
order to minimize the overall cost of maintenance and repair. The end result are 
turbines defined by extend lifetimes and greater economic viability.  

For that purpose, an automated monitoring system for early damage 
detection and damage localisation is currently under development for wind turbines. 
Most of the techniques existing for global damage detection of structures work by 
using frequency domain methods. Frequency shifts and mode shape changes are 
usually used for damage detection of large structures (e.g. bridges, large buildings 
and towers) [1]. Damage can cause a change in the distribution of structural stiff-
ness which has to be detected by measuring dynamic responses using natural excita-
tion. Even though mode shapes are more sensitive to damage compared to 
frequency shifts, the use of mode shapes requires a lot of sensors installed so as to 
reliably detect mode shape changes for early damage detection [2]. 

The design of our developed structural health monitoring (SHM) system is 
based on three functional modules that track changes in the global dynamic 
behaviour of both the turbine tower and blade elements. A key feature of the 
approach is the need for a minimal number of strain gages and accelerometers 
necessary to record the structure’s condition. Module 1 analyzes the proportionality 
of maximum stress and maximum velocity; already small changes in component 
stiffness can be detected. Afterwards, module 3 is activated for localization and 
quantization of the damage. The approach of module 3 is based on a numerical 
model which solves a multi-parameter eigenvalue problem. As a prerequisite, 
highly resolved eigenfrequencies and a parameterization of a validated structural 
model are required. Both are provided for the undamaged structure by module 2 
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using adequate output-only modal estimation methods. Each eigenfrequency leads 
to one damage parameter for one segment of the structure. The final result is a 
damage curve which shows stiffness degradation as a function of time; warnings are 
issued when established thresholds are exceeded. Furthermore, it is possible to 
adjust the finite element model using the results of module 3 so that the residual 
lifetime of the structure can be estimated.  
 For data acquisition,wireless sensor technologies are proposed for use in 
offshore wind turbines.  An attractive feature of their use is their ability to locally 
process raw sensor data.  Embedded data processing capabilities such as modal 
estimation based on frequency- and time-domain methods render wireless sensors 
ideal for the SHM framework proposed herein.  In this study, both wireless 
telemetry and the computationl methods of modules 1 and 2 were proofed within 
measurement campaigns on towers of two different turbines in Germany during 
April 2007. The two towers were equipped with eight accelerometers and two strain 
gages which were connected by five wireless sensor nodes.  
 
INTEGRAL SHM-SYSTEM 
 
 The Integral SHM-System (Figure 1) that is currently under development at 
the Institute for Structutal Analysis of Leibniz University of Hannover, consists of 
three independent computational modules that together provide up to Level 3 
damage detection (existance, location and severity). Module 1 is able to detect the 
onset of damage by carefully watching the dynamic behaviour of the structure using 
a minimum of sensors. Early damage detection then is possible by applying a 
method which tracks the proportionality of the maximum dynamic stress to the 
maximum vibration velocity associated with a certain eigenmode. Laboratory tests 
show that this method is more sensitive compared to other state-of-the-art damage 
detection methods. This module is integrated into the whole system as a component 
for permanently monitoring the stiffness of the structure. 
 If a stiffness reduction is detected by module 1, then module 3 is activated. 
But before module 3 is able to be used for damage localization, a validated finite 
element (FE) model of the structure must first be developed. Towards this end, 

Figure 1. Overview of the Integral SHM-System for offshore wind turbines 
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module 2 is needed to update an FE model of the structure whose modal parameters 
are optimally fit to experimentally obtained modal properties using output-only 
methods. A challenge associated with module 2 is accurate assessment of modal 
properties based on natural excitation of the structure (an inherently more complex 
situation than when using impulse excitation methods). For offshore turbines, the 
ability of output-only methods to estimate modal parameters based on natural 
excitation is enhanced by the fact that the structure is loaded at multiple points (i.e. 
wave and wind dominated loads). For modal estimation, standard Fourier methods 
are utilized in addition to the use of autoregressive with moving average (ARMA) 
time series models.  Module 2 is only executed once for the undamaged structure. 
 When module 3 is activated by module 1, a validated model offered by 
module 2 is passed to module 3. It is advantageous to apply a priori knowledge 
about damage prone structural elements, such as welded or bolted joints or 
structural elements in the splash zone. For this purpose, the portions of the system 
matrices -particularly the stiffness matrix- associated with these details are 
parameterised. Using model and measured eigenfrequencies, stiffness parameters of 
the structure in an unknown state (damaged vs. undamaged) are identified. As a 
result of formulation as a multiparameter eigenvalue problem, the ill-posed problem 
is transformed into well-posed common linear eigenvalue problems. The parameters 
output by module 3 are then used to diagnose damage, including location and 
severity. Results lead to a damage curve defined over the structure lifetime. An 
important part of the Integral-SHM System is the definition of thresholds; when 
exceeded, there is a need for inspection and maintenance. 
 
MEASUREMENT CAMPAIGN ON TOWER STRUCTURES 
 
 Monitoring large-scale civil structures by traditional sensor technology 
requires significant time and thoroughness during the installation of sensors and 
wires. Considering modern turbine towers, several hundred meters of wire are 
necessary. Fortunately, there today exist opportunities to make experimental modal 
analysis campaigns of large structures easier. Specifically, wireless sensors 
represent an entirely new data acquisition paradigm that can be used to monitor 
offshore wind turbines in a cost-effective manner. By virtue of being untethered, 
wireless sensors eliminate extensive cabling typically required to communicate 
sensor data within a data acquisition system; such cabling is both expensive and 
difficult to install in large-scale structures [3]. To wirelessly communicate sensor 
data using digital wireless transceivers, embedded microcontrollers are a necessary 
component of a wireless sensor’s hardware design. This integration provides 
wireless sensors with computing resources they can conveniently utilize for local 
processing of raw sensor data [4, 5]. 
 A wireless sensor node developed at the University of Michigan was tested on 
two different wind turbine towers in nothern Germany during April 2007. The first 
wind turbine which was investigated is a fourteen years old NEG-Micon 250 
(250kW). The second wind turbine is a six years old Vestas V-80 (2MW) turbine. 
Each tower was equipped by eight accelerometers and two strain gages. Five 
wireless sensor nodes were installed transferring measured data to a base station. 
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SMART WIRELESS SENSORS 
 
 A plethora of academic and commercial wireless sensor platforms have been 
proposed for structural monitoring applications [6]. A wireless structural 
monitoring system assembled using a wireless sensor first proposed by Wang et al. 
[7] is designed for installation in this study’s wind turbine towers. The wireless 
sensor is designed to offer high quality data acquisition (e.g. 16-bit analog-to-digital 
conversion on 4 simultaneous sensor channels with a maximum sample rate of 100 
kHz) and wireless telemetry scaled properly to large-scale structures (e.g. 192 kbps 
data rate and 5 km line-of-sight communication range using the unlicensed 2.4 GHz 
wireless carrier frequency band). In addition, a low-power 8-bit microcontroller is 
included in the wireless sensor design. Embedded within the microcontroller is a 
multithreaded operating system that automates the operation of the unit for reliable 
data collection, wireless communication, and various computing tasks. An 
extensive library of data interrogation algorithms have been encoded in the wireless 
sensor including auto-regressive time series modeling [4], model updating [8], and 
modal parameter estimation [9]. The performance of the wireless structural 
monitoring system and its associated embedded processing algorithms have been 
validated on multiple civil structures including long-span bridges [10, 11] and a 
large cantilevered balcony within a historic theatre [9].  
 A total of five wireless sensors were installed in the Vestas V-80 turbine 
tower (Figure 2) to record its lateral acceleration and base overturning strain during 
operation. The steel tower is 78 m tall and is bolted to a thick concrete foundation. 
On the interior of the tower are four platforms where the side walls are accessible 
for sensor installation. The platforms, termed Level 1 through 4, are roughly 11.1, 
28.1, 51.7 and 76.1 m from the base of the tower. At each of the four levels, two 
accelerometers (Crossbow CXL01) are epoxy mounted to wall of the turbine in two 
orthogonal directions (denoted as the X- and Y-directions). One wireless sensor is 
installed at each level with the two accelerometers connected. At the base of the 
structure, two 120Ω metal foil strain gages (Texas Measurements YFLA-5-5L) are 
epoxy mounted to the steel to measure flexural strain response. Again, one wireless 

Figure 2. (Left) locations of accelerometer-wireless sensor pairs on four levels of the Vestas V-80 
turbine; (right) acceleration measured in two orthogonal directions. 
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sensor is positioned at the tower base to collect data from both strain gages. Figure 
2 provides an illustration of the typical acceleration time histories at all four levels 
as collected by the wireless monitoring system. For comparison purposes, two 
piezoelectric accelerometers (PCB 3701) are installed at Level 4 side-by-side to the 
wireless sensor’s accelerometers. These two accelerometers are connected to a 
commercial data acquisition system (HBM-MGC Plus) via two 100 m long coaxial 
wires. The acceleration time-history response at Level 4, as recorded by the two 
monitoring systems (wireless vs. wired) are compared for both the X- and Y-
directions. As shown in Figure 3, the two time histories are identical. This 
observation is reinforced if we convert both time history signals to the frequency-
domain; Figure 4 shows one-to-one agreement of the two independently collected 
Fourier spectra. These results confirm the reliability and accuracy of the wireless 
monitoring system. 
 
DAMAGE DETECTION (MODULE 1) 
 
 To apply module 1 of the Integral-SHM System, only two accelerometers 
fixed at the top of the turbine tower and two strain gages installed at the tower 
bottom are needed. The premise of module 1 for the undamaged state is briefly 
explained: dynamic stress, measured by strain gages, is proportional to dynamic 
velocity (Eq. 1), which can be derived from measured acceleration signals. This 
relation is valid when sensor locations are in line with the eigenform occurring. The 
sensor locations have to be chosen according to the maximum eigenform 
amplitudes and the maximum stress locations [12]:  
 maxmax, vksystemdyn ⋅=σ  (1)
 The factor ksystem includes all of the system information needed to describe the 
proportionality. Important and perhaps the most influential system properties are 
those corresponding to the structural material, mass distribution and foundation. In 
contrast to material properties and mass distribition, the foundation parameter is not 
easy to describe. This factor varies between 0.75 and 1 but has to be adapted very 
carefully before measurements are taken because module 1 needs a reference state 
for early damage detection. Previously, this method has been formulated for 

Figure 3. Comparison of accelerations at 
Level 4 in both X- and Y-directions. 

Figure 4. Comparison of corresponding 
Fourier spectra at Level 4. 

17 18 19 20 21 22 23 24
−0.04

−0.02

0

0.02

0.04
Level 4 − X Direction

A
cc

(g
)

17 18 19 20 21 22 23 24
−0.04

−0.02

0

0.02

0.04
Level 4 − Y Direction

Time (Seconds)

A
cc

(g
)

Wireless (Michigan) Wired (Hannover)

0 2 4 6 8 10
0

0.5

1

1.5

2
Level 4 − X Direction

Freq (Hz)

|A
(w

)|

Wireless (Michigan) Wired (Hannover)

0 2 4 6 8 10
0

1

2

3
Level 4 − Y Direction

Freq (Hz)

|A
(w

)|

 



 6

structures with uniform mass distribution and bending resistance. However, this 
project deals with non-uniform structures (i.e. tapered turbine towers). Therefore 
the theory is expanded to include a stiffness proportionality constant, kadd; relative 
to the base section, the tower diameter and wall thickness vary as a function of 
height requiring an additional factor that represents a decrease in the tower bending 
stiffness: 

NEG-Micon 250:  kadd = 1.460 Vestas V-80:  kadd = 7.325
Post-processed data (Figure 5) from the first campaign at the NEG-Micon 250 show 
the validity of the proportionality of stress and velocity. As can be seen, the 
measured velocity and derived stress time histories are nearly identical, suggesting 
a constant proportionality.   
 
VALIDATION OF STRUCTURAL MODELS (MODULE 2) 
 
 The primary purpose of the validation of the numerical model representing the 
light structure is to ensure the model eigenfrequencies ω come as close as possible 
to those experimentally derived. This is achieved by adjusting some model 
parameters we will generally refer to as x. To determine the right validation 
parameters in the FE model, it is recommended to first perform a sensitivity 
analysis for uncertain parameters because the validation will only be successful if 
the chosen parameters have sufficient influence on the dynamic behaviour of the 
structural model. To solve the problem, iterative methods like Newton-iteration, 
Newton-Raphson or secant methods are used. If the function values in the actual 
state are known from a modal analysis and the partial derivatives are saved in the 
Jacobi-Matrix f’(x), the next set of parameters can be calculated by Newton, 
provided that the Jacobi-Matrix is not singular: 
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Figure 5. Basic proportionality of measured vibration velocity and stress (NEG-Micon 250): 
(top) measured velocity and (bottom) stress derived from measured strain 
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 The algorithm is already implemented as an executable tool in MATLAB®. 
The first measurment campaign at the NEG-Micon 250 demonstrated how to 
validate a numerical model. Before starting the validation, target values have to be 
evaluated by identifying the eigenmodes. Table I shows the identification of the 
first three eigenmodes of the turbine tower. Because of the low sampling rate of 50 
Hz using the wireless monitoring system, the 4th eigenfrequeny at about 23 Hz can 
not be reliably identified. A numerical FE-model of the turbine tower is built from 
shell elements. Spring-damper elements are used for the foundation and the nacelle 
is simplistically modelled as a lumped mass element. Validating three frequencies 
means one has to chose at least three validation parameters. In this study, the 
stiffness parameters of the vertical and horizontal springs and the factorised mass of 
the nacelle are selected for updating. Table I presents the difference of the initial 
model M0 and the validated model MV. Looking at MV, all target modes agree with 
the measurement results and all parameters change between 1 and 1.5. Because the 
results are all plausible, the validated model can be used for further analysis. 
 
CONCLUSIONS AND OUTLOOK 
 
 By combining the Integral SHM-System and smart wireless sensor nodes 
during two intense measurement campaigns, it is evident that there exist 
tremendous opportunities for an automated SHM system for offshore turbines using 
wireless monitoring systems. First, by comparing traditional and smart wireless 
sensor technology side-by-side, it could be proved that the wireless sensors are 
capable of high quality and reliable data acquisition. The environment of tall turbine 
towers has to be considered as difficult due to electro-magnetic (EM) fields 
generated by large power cables and power turbine equipment located in the 
vicinity of the turbine nacelle.  This study’s experimental campaigns in operational 
turbines illustrated that the smart wireless system did not experience any radio 
interference during data transfer as a result of an unfavorable EM environment. 
 Processing measurement data for use in the Integral SHM-System could 
provide rich information for input to modules 1 and 2. The proportionality of the 
undamaged state as assumed to be in April 2007 could reliably be documented by 
an kadd factor in both campaigns. Validation of the NEG-Micon 250 structure was 
easy to do and a matching numerical model could be computed for further analysis. 

TABLE I. VALIDATION OF THE NUMERICAL MODEL OF THE NEG-MICON 250 

Parameter: 
System ID 

(measurement) 
Initial  

FE-model M0 
Validated  

FE-model MV 
1st parameter:  
stiffness vertical spring  1.00 1.3437 

2nd parameter:  
stiffness horizontal spring  1.00 1.0242 

3rd parameter:  
mass of the nacelle  1.00 1.4744 

eigenfrequencies: in Hz in Hz 
failure  
in % in Hz 

failure  
in % 

1st eigenmode 0.836 0.823 1.580 0.836 0.00 

2nd eigenmode 4.584 4.715 2.778 4.584 0.00 

3rd eigenmode 10.56 10.133 4.214 10.56 0.00 

4th eigenmode - 23.056 - 22.628 - 
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Validating the Vestas V-80 turbine was much more difficult because this large 
tower is equipped with a tuned mass damper. This damper is installed about five 
meters below the nacelle in order to reduce the translation-amplitude of the first 
eigenvibration which is the most excited eigenvibration during conventional 
operation. For this reason it is very difficult to identify the first eigenfrequency with 
the data collected. In this case it is necessary to receive information out of the 
turbine control system. After identifying frequencies assigned to the rotation of the 
blades and the generator, the first eigenfrequency could finally be identified.  
 Future work will explore the integration of modules 1, 2 and 3 for early 
damage detection with the wireless monitoring system (e.g. embedded computation 
of elements of the modules). Furthermore, opportunities exist for the wireless 
monitoring system to receive information from the turbine control system to enhrich 
the data set used to execute the three modules.  
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