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Abstract 
 
 In-service monitoring of wind-turbine (W/T) blades during operation presents practical diffi-
culties due to accessibility restrictions, nature of the material, size and geometry of the blades as 
well as power requirements. As a result, attempts for health monitoring of wind turbine blades 
are limited. In the present paper, health monitoring of the blades of an operating NEG-MICON 
NM48/750 with acoustic emission (AE) will be discussed. Included are W/T instrumentation and 
various other technical apparatus that was applied in order to overcome power limitations, re-
mote monitoring set up, as well as development of software for automated statistical processing 
of AE data. The AE module was successfully operated and acquired data, under real operating 
conditions for more than six months. Results are presented from AE measurements acquired un-
der different operating conditions, correlated with parametric data and analyzed with both linear 
location and advanced AE data processing techniques. Finally the paper discusses the system 
performance during its total installation time and operating conditions, demonstrating the fast 
integration into existing structures and its modularity to external systems and data exchange, 
making it a good candidate for real-time monitoring of industrial size wind generators. 
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1.  Introduction 
 
 Until recently, in-service monitoring of wind turbine blades has not received major attention 
due to many practical difficulties encountered, such as accessibility restrictions, nature of the 
material, size and geometry of the blades as well as power requirements. However, given the in-
creased size of modern wind turbine (W/T) blades of lengths up to 75m on the latest wind gener-
ators and their growing complexity and fabrication cost, blade monitoring is becoming more and 
more important to operators, since maintenance is difficult and the potential financial losses ac-
cruing from unscheduled outages are increasingly growing, especially when off-shore W/T are 
concerned, where replacing a damaged blade is a major undertaking. In-service monitoring could 
detect structural degradation long before ultimate blade failure, and would allow the operator to 
decide whether a preventive maintenance should occur as soon as possible or whether the blade 
should be left turning until the next scheduled maintenance period.  
 

Acoustic emission (AE) is highly effective in detecting and identifying damage in W/T 
blades and generally composites under load, and has proven its validity through numerous labor-
atory tests including full-scale blade tests [1-7]. However, in-service monitoring experience of 
W/T blades was limited [8] until recently when a NEG-MICON NM48/750 W/T of Center for 
Renewable Energy Sources and Saving (CRES) wind farm was instrumented with a multichannel 
AE system for structural health monitoring of the W/T blades during operation [9-11]. The 
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system was successfully installed and operated for more than 6 months under real operating con-
ditions, collecting a considerable amount of AE data, enabling evaluation of the system under 
different operating conditions. 

 
In the present paper results from AE measurements acquired under different operating condi-

tions, correlated with parametric data and analyzed with both linear location and advanced data 
processing techniques will be presented. In addition, presentation includes W/T instrumentation 
and various other technical apparatus that was applied in order to overcome power limitations, as 
well as remote monitoring set up and development of software for automated statistical pro-
cessing of AE data. Finally the paper discusses the system performance during its total installa-
tion time and operating conditions, demonstrating the fast integration into existing structures and 
its modularity for connection to external systems and data exchange, making it a good candidate 
for real time monitoring of industrial size wind generators. 
 
2.  Instrumentation of an In-service Wind Turbine 
 
 AE monitoring of W/T blades during operation poses several challenges and difficulties to be 
met by the condition monitoring system, not only due to the (inherent in composites) complex 
nature of the blade’s defects aimed to be detected, but also for a number of application-specific 
factors such as: 

• the harsh environment and the conditions under which such a system will operate, 
• accessibility reasons for system installation in the hub and sensor mounting (e.g. on the 

inside surface of the blades), 
• power issues for the system residing in the hub, and, most important, 
• the necessity for wireless data communication or telemetry posed by the rotation of the 

blades. 
In addition, since AE may often be correlated to or caused by external parameters such as rota-
tional speed, wind, loading, manipulations etc., the AE Condition Monitoring System (CMS) 
should be capable of real-time acquisition of such parameters, in order to enhance analysis and 
interpretation. 
 

The AE CMS selected for this project meets the above requirements as it is a compact, multi-
channel AE system (Micro-II by Physical Acoustics Corporation (PAC)), with low power con-
sumption (below 100W) and versatile to be powered by dc input (occasionally available in the 
nacelle of mid-sized turbines – as opposed to standard 220Vac), relatively light weight in order 
to be quickly mounted on rotating parts and to minimize unbalancing forces due to its incorpora-
tion inside the hub, and also having the capability of being remotely controlled as well as trans-
mit the collected data through a wireless network (Fig. 1a). In addition, it can be loaded with up 
to 4 multi-channel AE boards (Fig. 1b), providing up to 32 active AE channels. Finally, for the 
purpose of enhanced data interpretation and correlation with test and loading conditions, it ac-
cepts external signals such as wind velocity, rotation speed, torque, yaw angle, etc. from existing 
wind turbine instrumentation.  
 

The AE sensors used were three PAC-R6I-AST with resonant frequency of 60 kHz and five 
PAC-R15I-AST with resonant frequency of 150 kHz. Both types of sensors incorporate integral 
amplifier allowing them to drive long cables without the need for a separate preamplifier and al-
so minimize the RFI/EMI interference. In addition, they feature an Auto Sensor Test (AST) ca-
pability allowing the sensors to act as pulsers and remaining as receivers simultaneously, ena-
bling automated verification of each sensor coupling and performance at any time desired by the 
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user. AE sensors’ mounting was performed on the inner surface of one of the three blades (with the 
blades on the wind turbine) using special hold-down devices developed by CRES for the long term 
attachment of the sensors while sensor cables were connected and securely routed to the rotor’s hub. 
 

(a) 

 
 

 
 

(b) 
Fig. 1. (a) PAC Micro-II AE system installation inside the hub and (b) PCI-8 AE board. 

 

 
Fig. 2. Schematic illustration of the structural condition monitoring AE system. 

 
Using the eight AE sensors mentioned above, three different linear groups were considered, in 

order to monitor three different areas of the blade. The first group, consisting of sensors (R15I-
AST) corresponding to channels 1 and 2, was used to monitor the AE activity on the internal spar 
of the blade. The second sensor group, consisting of channel 3 to channel 5 (R15I-AST), was 
used to monitor the AE activity on the trailing side of the blade. Finally the third group, consist-
ing of sensors corresponding to channels 6 to 8 (R6I-AST), was used to monitor the AE activity 
on the root. Sensor placement along the blade, as well as an illustration of the complete structural 
AE CMS, is shown in Fig. 2, while sample images of the sensors mounted using the specially 
developed hold-down fixtures are shown in Fig. 3 and Fig. 4. 
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(a) (b) 
Fig. 3. (a) Mounting of two AE sensors on the internal spar of the blade and (b) one of the three 
AE sensors mounted on the inner surface of the trailing side of the blade 
 

(a) (b) 
Fig. 4. One of the two AE sensors mounted on the internal spar of the blade and (b) one of the 
three AE sensors mounted near blade’s root. 
 

The system was powered with 12V dc through a slip-ring installed on the main shaft of the 
wind turbine by CRES personnel (Fig. 5a), since there was no power available inside the hub of 
the stall control wind turbine. However, this slip-ring is not needed on latest wind turbines since 
most of them provide power inside the hub. Finally, a strain gauge bridge for monitoring edge-
wise bending moments was mounted on the outer surface of the blade and was connected to the 
parametric interface of the AE system (Fig. 5b). This would allow the exact information about 
the blades’ position during AE activity to be recorded, as well as an approximate estimation of 
the power output, enhancing the analysis of the AE data acquired by the system. 

 
3. System Connection to SCADA  
 

The AE CMS was connected through wireless connection provided by a wireless router posi-
tioned in the base of the W/T tower to the Ethernet network available on the wind turbine and, 
through this, to the Internet. This way the system could be monitored from anyplace with internet 
access and it could also transmit the complete AE data acquired and/or only statistical data and 
alarms to the central monitoring system of the wind turbine. In addition, the AE system was able 
to send automated emails notifying about detected faults, exceeding thresholds or normal opera-
tion of the system (Fig. 6a). A system upgrade could also enable notifications and alerts to be 
sent automatically through SMS. 

 

(a) 
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 (a) (b) 
Fig. 5. (a) Installation of the slip ring to supply power to the AE CMS. (b) Mounting of a strain 
gauge on the outer surface of the leading edge of the blade 
 

In addition, through special software developed (Fig. 6b), the system was able to process in 
real-time the recorded AE data and automatically produce periodical statistics for all the time-
driven (TDD) and hit-driven (HDD) data features, which were then sent over the wireless net-
work to the central monitoring server.  

 

    
(a) (b) 

Fig. 6. (a) Setup of internet monitoring and automated email notifications. (b) Software interface 
setup for performing automated AE statistical processing. 
 
4. AE Setup & Location of Simulated AE Sources & Events 
 

In order to estimate the AE generated from the different monitored parts of the W/T blade the 
mounted sensors were grouped through the acquisition software in three separate linear location 
groups, as noted in Sec. 2. After sensor installation several tests were performed within the linear 
segments that were defined from the sensor topology. For these tests, Hsu-Nielsen (HN) sources 
[14] were applied between all sensor pairs and real time linear location capabilities of the acqui-
sition software were verified. Figure 7 shows the results of the X position of the linear event lo-
cation between sensors corresponding to channels 1 and 2 that define the monitoring area of the 
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spar, during introduction of artificial AE sources along the sensor line. Additionally, Fig. 8 
shows located AE events at the monitoring area of trailing edge of the blade, within the linear 
span defined by channels 3 to 5. In both Figs. 7 and 8, attenuation in dB/m can be also estimated 
from the Amplitude (dBae) drop versus X position (m).  
 

 
Fig. 7. Amplitude vs. Event Location (x - marks) and (#) Hits vs. X Event Location (Bars) for 
AE located HN source applied in spar area showing located events. 

 

 
Fig. 8. Amplitude vs. Event Location (x - marks) and (#) Hits vs. X Event Location (Bars) for 
AE located HN source applied in trailing edge area. Color for channel of first hit. Red: Ch. 3, 
Green: Ch. 4, Blue: Ch. 5. 

 
Overall, the location of simulated AE events has yielded accurate results, thus providing high 

confidence that, if damage occurs and starts accumulating under operating conditions, the system 
will have the sensitivity to locate it within the monitored areas. Additional real-time location 
alarms can be set up from the system as output triggers in order to provide extra monitoring in-
puts to any given central monitoring system. 
 
5. Continuous Monitoring 
 

System was successfully installed and operated via the connected networks. In total, more 
than six months of data under real time conditions were acquired. Statistically, this time period is 
long enough to capture a large variation of the W/T operating parameters and conditions, which 
may have different impact upon the AE of the inspected area. The AE module acquired more 
than 300 GB of data during its continuous operation. The system performance and operation 
were checked randomly during its total operating time, by different experienced AE operators, in 
different times from different local and international terminal locations in order to provide feed-
back for its usability and performance. On-line data analysis was performed using the advanced 
AE analysis software NOESIS [13] installed in the same system, while the system was in data 
acquisition mode. The system’s behavior was found to be very reliable and stable in all cases, 

Channel 2 

Channel 1 
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even during prolonged periods of power loss or technical difficulties, in which cases the system 
always rebooted and resumed operation and acquisition when the power was restored. A presen-
tation of the wind speed, generated power and wind direction variation during the last two 
months of system operation is shown in Fig. 9.  
 

 
Fig. 9. Wind speed (m/sec), Average Generated Power (kW) of NEG – MICON 750 and Wind 
Direction (degrees) vs. Time (days) from October 13th to December 21st 2011 (69 days of 10 min 
statistical data from CRES). The color ranges of the data correspond to the average RPM of the 
wind turbine (0-22 RPM).  
 

The additional color dimension in Fig. 9 represents the 10 minutes average rotational speed 
of the wind turbine rotor. The zero RPM values are colored green in order to show the periods 
that the generator was stopped either from a lack of wind, maintenance or other reasons. The 
blue color represents the low RPM operation (15 RPM) as well as any intermediate values that 
the generator RPM increases from zero to low RPM or low to high RPM (22 RPM). Finally the 
red color was used in order to identify the periods that the generation was operating in high 
RPM. It is worth noting that even when the generator was at stop position there is still AE from 
the blade due to the wind loading indicating the stochastic nature of loading and thus of the AE 
data. In addition, the distribution of Average Signal level (dB) in correlation with parametric 
values (Figs. 10 and 11) also highlights the stochastic nature of the data set. The attempt for a 
simplified analysis based on Time Driven Data alone did not result in information that can be 
connected with incipient damage. 

 
6. AE Data Analysis 
 

As previously mentioned, a simple review of Figs. 9, 10 and 11 should reveal the stochastic 
nature of loading and the weather operating conditions that the wind turbine was subjected to 
during the monitoring period. In order to overcome the limitations imposed from the simplified 
Time Driven data analysis, the complete AE data set was acquired and processed. During the to-
tal time that the system was in acquisition, while installed inside the hub of the wind generator, 
the volume of acquired data exceeded 300 GB. This six-month period should be statistically suf-
ficient to encapsulate the generated AE from the majority if not all the operating and loading 
conditions. This results in a unique and complete set of AE data that should reflect an actual op-
eration of the wind turbine in larger installations. 
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Fig. 10. Time Driven Average Signal Level (dBae) vs. Average Generated Power (kW) for the 
period between 13 October and 21 December 2011, color by wind velocity (m/sec) for every 
channel.  
 

 
Fig. 11. Time Driven Average Signal Level versus (dBae) vs. Wind Velocity (m/sec) for the pe-
riod between 13 October and 21 December 2011, color by average generated power (kW) for 
every channel. Channel order is identical to Fig. 10. [Enlarge page to see legends.] 
 

In this section an example of a typical AE data set during the wind turbine’s normal opera-
tion under variable weather conditions is presented, with standard analysis steps in order to veri-
fy and assess any localization of genuine AE events that might be present in the areas of interest. 

 
Figure 12 shows the acquired AE activity during the time period of from 20:30, 21.10.2011  

to 00:20, 23.10.2011. Along with the acquired AE activity, the other graphs correspond to the 
Wind Velocity (m/sec), the average RPM and the Average Generated Power (kW) of the wind 
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turbine. The wind velocity, average RPM and generated power data were provided by CRES and 
correspond to average values over a 10-minute time period.  
 

 
Fig. 12. From top to bottom: AE amplitude (dB) vs. time (sec), wind velocity (m/sec) vs. time 
(sec), rotational speed (RPM) vs. time (sec) & average power output (kW) vs. time (sec). 
 

 
Fig. 13. First Hits of Located Events vs Time (sec). From top to bottom: Group of Channels 1-2 
(Spar Area), Group 2 of Channels 3-5 (Trailing Edge Area), Group 3 Channels 6-8 (Root Area). 
 
 The specific data set was selected in order to investigate and assess the generated AE, caused 
by the variable operating conditions. In the presented time segment, the wind generator goes 
from a complete stop to normal operation due to rising wind velocity. Periods of low RPM and 
high RPM are also visible along with the specific times that the rotational speed was changed 
from low to high. Additionally, the wind throughout the selected time span appears to have sig-
nificant variations and the resulting AE activity especially during the last hour of the time 
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segment (specifically, 31 to 100 ks) is of interest due to the fact that an increasing trend is visible 
in AE activity while the wind velocity significantly drops and then rises up again. Figure 13 
shows the located events per sensor group during the time segment under investigation. Linear 
location for each sensor group of the raw data of the specific time segment is performed and 
graphs of the located first hits of the monitored areas are generated (Fig. 14). The first hits of the 
located AE events from each monitored area (Spar, trailing edge & root) were easily separated 
using NOESIS [13] for their features to be compared with the simulated HN sources that were 
applied on the same monitored area. An X position distribution of the located AE events (first 
hits) from each monitored area is shown in Fig. 14. 

 

 
Fig. 14. First Hits of Located Events vs. Event’s X Location (m). From top to bottom: Group of 
Channels 1-2 (Spar Area), Group 2 of Channels 3-5 (Trailing Edge Area), Group 3 Channels 6-8 
(Root Area). 
 

The following graphs (Fig. 15) show in blue the first hits of the located AE events on the 
monitored area of the spar during the 24 hour segment under analysis. Overlaped in red is the 
dataset of first hits of simulated HN sources. The red dataset (simulated sources) corresponds to 
the expected AE events that should be present in the case of actual damage in this monitored 
area. Direct comparison of both data sets reveals that the acquired data clusters have a good 
separation. The signatures obtained due to the stochastic wind loading and the estimated feature 
characteristics that correspond to HN sources show that an qualitative AE signal estimation can 
be made seperating the signals from the general wind loading and operation of the wind turbine 
with those corresponding to incipient damage. 

 
By reviewing these graphs useful conclusions can be drawn. The located AE events when 

compared with the simulated sources applied on the same areas appear to have similar durations 
and counts but an amplitude range lower and close to the low sensitivity limit of the system. The 
large volume of AE that is acquired by the equipment corresponds to many different phenomena 
during the operation of the wind turbine. For the specific case, only sources that have similar AE 
features to the simulated ones are of interest. In the specific area, a small amount of AE activity 
(~5 events out of more that 400,000 AE hits) can be considered relevant. Due to the fact that this 
activity corresponds to a full data set of approximately 24h, it can be also considered a very low 
AE activity. The aforementioned facts yield an approximation of the AE rates, amplitudes and 
features ranges that are to be expected during normal operation. These can be used to fine-tune  
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the AE system for minimal data acquisition (and therefore data volume efficiency) focused in the 
desired and expected parameters.  

 

 
Fig. 15. Signature graphs of AE features (in 2D & 3D feature space), in blue are the located AE 
events in the spar area during the 24h time segment under analysis and in red the simulated HN 
sources. Circled Xs mark 5 relevant located AE events. Some outlier hits in red are also marked. 
[These markings become clearly visible by expanding this figure to 500%. Also see arrows.] 
 

 
Fig. 16. Signature graphs of AE features (in 2D & 3D feature space), in blue are the located AE 
events in the trailing edge area during the 24h time segment under analysis and in red the simu-
lated HN sources.  
 

The same analysis is performed for the remaining two monitored areas of the trailing edge 
and the root section of the blade of the wind turbine. Figure 16 shows in blue the first hits of the 
located AE events on the monitored area of the trailing edge during the 24h segment under 
analysis. Overlaped in red is the dataset of first hits of simulated HN sources applied on the same 
area. The red dataset (simulated sources) corresponds to the expected AE events that could be 
present in the case of incipient damage in this monitored area. As in the previous case, good 
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cluster separation appears to exist using both two-dimensional and three-dimensional feature co-
ordinates.  

 
In the final case of the third monitored areas (root area), the clusters separation between nor-

mal turbine operation and simulated HN sources again appears to be good and to yield clear dis-
tinction between the two feature areas of interest. Figure 17 shows in blue the 24h data from 
normal turbine operation and in red the HN simulated sources applied on the same area. As in all 
previous cases, these signatures can be used to fine-tune the system to acquire only the AE data 
of interest that should correspond to incipient damage. 
 

 
Fig. 17. Signature graphs of AE features (in 2D & 3D feature space), in blue are the located AE 
events in the root area during the 24h time segment under analysis and in red the simulated HN 
sources. Selection of 191 relevant located AE events is shown. Additionally there is a clear clus-
ter separation in 3d feature space 
 
7. Conclusions 
 
Based on the large continuous monitoring period and the selected analysis period, the AE signa-
tures of the normal operation of the wind turbine are obtained. Based on this large statistical AE 
data set and the AE signatures obtained from the simulated HN sources, a direct comparison is 
enabled on the corresponding monitored areas. This comparison can be used in order to maxim-
ize the efficiency of continuous monitoring in various respects. One example is that the ranges of 
the estimated normal operation signatures based on multiple features can be set as alarm and/or 
front end filters. In this way the system is mainly focused to features space areas that have a 
higher likelihood to correlate with incipient damage while discarding all other (irrelevant) data, 
ensuring a more compact data set, thus greatly minimizing the data storage needs. In addition, 
due to the more compact data set, streaming of data will be more efficient as well.  

  
The AE signatures of the normal operation of the wind turbine blade are estimated in this 

case using representative 24h data. This data set was selected due to the fact that on the specific 
times all the different cases of variable wind velocity coexist. Therefore this can be considered as 
the limit case data since the wind turbine goes from a complete stop to low and high RPM and 
there is a significant wind velocity variation between low and high values. The previous figure 
shows the different AE signatures from located AE data from the monitored areas of the blade in  
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blue. In red, the HN simulated sources signatures are overlapped in order to enable an overall 
comparison between the signatures of the different areas. It appears that the AE signature for 
each area has a different and rather unique 2D cluster shape (Fig. 18).  
 

 
Fig. 18. Signature graphs of AE features (in 2D feature space), in blue are the located AE events 
and in red the simulated HN sources. From left to right columns are the signatures of the spar, 
trailing edge and root area. 
 

Finally, from the analysis of a selected part of a large AE data volume, acquired from a per-
manently installed AE monitoring system on an operating wind turbine blade, promising results 
were observed, based on the direct comparison and dissimilarities between simulated sources and 
located AE signal signatures on the monitored areas. The comparison is established on the basis 
of the degree of dissimilarity between three standard AE features. The correlation of these fea-
tures usually provides an initial estimation about the origin of AE caused by different phenome-
na. The observations made can also be used for fine-tuning the real time response triggers of the 
system by setting up front end filters to issue alarms to any connected monitoring system. Addi-
tionally, the endurance and modularity of newer AE acquisition systems was successfully 
demonstrated during actual daily operating conditions in the health monitoring of the NEG-
MICON NM48/750 blade. Future work includes the demonstration and modularity of the system 
with other types of wind generators, as well as other real time analysis capabilities or during post 
processing by using modern AE software suites. 

 
Long-term acquisition until actual damage on the blade is developed and verified will enable 
evaluation of system’s capability for real-time early damage identification and warning. The 
same may be, alternatively, achieved through installation of the system in already verified but 
non-critically damaged blades (preferably similar to the ones already monitored). 
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