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Abstract 

Improving the availability of wind turbines (WT) is 
critical to minimise the cost of wind energy, 
especially for offshore installations. Because 
gearbox downtime has a significant impact on WT 
availabilities, the development of reliable and cost-
effective gearbox condition monitoring systems 
(CMSs) is of great concern to the wind industry. 
Timely detection and diagnosis of developing gear 
defects within a gearbox is an essential part of 
minimizing unplanned downtime of wind turbines. 
Monitoring signals from WT gearboxes are highly 
non-stationary because turbine load and speed vary 
continuously with time. Manual handling of large 
amounts of monitoring data is time-consuming and 
costly, and is one of the main limitations of most 
current CMSs. Therefore,  automated algorithms are 
required. 

This paper presents a fault detection algorithm for 
incorporation into a commercial CMS for automatic 
gear fault detection and diagnosis. Based on the 
experimental evidence from the Durham condition 
monitoring test rig, a gear condition indicator has 
been proposed to evaluate the gear damage during 
non-stationary load and speed operating conditions. 
The algorithm allows the assessment of gear fault 
severity by tracking progressive tooth gear damage 
during variable speed and load operating conditions 
of the test rig. 

The performance of the proposed technique has 
then been successfully tested on signals from a field 

test of a full-size wind turbine gearbox that has 
sustained gear damage. 

Results show that the proposed technique proves 
efficient and reliable for detecting gear damage. 
Once implemented into WT CMSs, this algorithm 
can automate data interpretation, reducing the 
quantity of information that WT operators must 
handle. 

Keywords: wind turbine, gearbox, condition 
monitoring, gear tooth fault, vibration analysis 

1 Introduction 

Achieving high WT availability is paramount to 
providing affordable and cost-effective wind energy, 
especially with the current growth in turbine size and 
capacity, and the installation in increasingly remote 
and less accessible offshore locations. To make 
wind power more competitive compared to 
conventional sources, it is necessary to reduce 
turbine downtime and increase reliability [1]. The 
development of reliable and cost-effective online 
condition monitoring (CM) techniques with automatic 
damage detection and diagnosis of WT components 
can help achieve predictive, condition-based 
maintenance. This will reduce the operation and 
maintenance (O&M) costs and thereby the cost of 
wind energy. Gearbox faults, with high replacement 
costs, complex repair procedures, and revenue loss 
caused by long downtime [2], are widely considered 
a leading issue for WT drive train CM. 

In this paper, the effect of gear tooth fault severity on 
the gearbox vibration signature is investigated using 
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experimental results obtained on the Wind Turbine 
Condition Monitoring Test Rig (WTCMTR) at 
Durham University. A frequency tracking algorithm 
that automatically detects and diagnoses gear tooth 
faults is proposed and discussed. The performance 
of the proposed technique is then tested using 
vibration signals from a real 750-kW wind turbine 
gearbox that has sustained gear damage from its 
field test. 

2 Wind Turbine Gearbox 
Condition Monitoring 

Among the various wind turbine components, the 
gearbox has been shown to cause the longest 
downtime [2,3] and is the most costly to maintain 
throughout a turbine’s 20-year-plus design life [4]. 
Typical WT gearbox failure modes are gear tooth 
damage and bearing faults [5]. A recent study [6] 
has shown that the gearbox alone could be 
responsible for up to one-third of all lost onshore WT 
availability. 

This problem is emphasised offshore where harsh 
weather and sea conditions could prevent 
maintenance or component replacement for long 
periods of time. Few reliability data are still publicly 
available for offshore WTs. However, 3 years of 
available data from Egmond aan Zee wind farm in 
the Netherlands [7] show how the gearbox downtime 
caused 55% of the total wind farm downtime [8]. 

The main WT Operator concerns about gearbox 
reliability, particularly offshore, are: high replacement 
costs following a failure; complex repair procedures 
that incur high logistics costs and require favourable 
weather conditions; and high revenue losses caused 
by long downtime between failures and repair 
completion [5]. Consequently, the gearbox has 
become an essential part of the current commercial 
available WT CMSs. Timely and reliable detection 
and diagnosis of developing gear defects within a 
gearbox is an essential part of minimizing unplanned 
downtime of wind turbines. 

The most popular CM approach for the gearbox is 
vibration monitoring using Fourier transform analysis 
[9]. WTs are variable load and speed systems 
operating under highly dynamic conditions. This 
results in CM signals that vary significantly in both 

magnitude and spectral content. The frequent false 
alarms and the costly specialist knowledge that is 
required for manual interpretation of the complex 
vibration data have discouraged WT Operators from 
making wider use of CMS. This happens despite the 
fact that these systems are fitted to the majority of 
large WTs (>1.5 MW) in Europe [10]. Moreover, with 
the growth of the WT population, especially offshore, 
the manual examination and comparison of the CM 
data will be impractical unless a simplified 
monitoring process is introduced. 

Current efforts in the wind CM industry are aimed at 
automating data interpretation and improving the 
accuracy and reliability of diagnostic decisions, 
especially in the light of impending large-scale, 
offshore wind-farm generation. This study attempts 
to target this research area by experimentally 
defining an algorithm that could be incorporated into 
current CMS for automatic gear fault detection and 
diagnosis. This algorithm can reduce the quantity of 
information that the WT operators must handle, 
providing improved detection and timely decision-
making capabilities. 

3 WT Condition Monitoring Test 
Rig 

Experimental research was performed on a 30-kW 
WTCMTR at Durham University, which has been 
designed to act as a model for a WT drive train. 
Figure 1 provides a schematic of the WTCMTR and 
Figure 2 is a photo of the test stand, which shows 
the main components and instrumentation and 
control systems. 

The rig features a 54-kW DC motor driving a 3-
phase, 4-pole, 30-kW wound rotor induction 
generator (WRIG) through a 5:1 two-stage helical-
gear parallel shaft gearbox. The WRIG has external 
variable resistors connected to the rotor circuit that 
allow a super-synchronous speed variation of 100 
rev/min, 1500-1600 rev/min, with a corresponding 
generator maximum power of 3.6 kW.  The DC 
motor was driven at constant and wind-like variable 
speed conditions to cover the full allowed speed 
range.  

Variable speed machine testing was performed 
using driving data derived from a 2-MW WT model 
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[11]. Vibration data from an accelerometer located 
on the gearbox high speed (HS) end have been 
processed using an SKF WindCon unit 3.0, a 
commercial CMS currently used on full-size 
operational WTs, which produce Fast Fourier 
Transform (FFT) spectra. The sensor used is a 
piezoelectric accelerometer with integral electronics 

and a sensitivity of 500 mV/g. WindCon’s built-in 
diagnostic system has been used to assist with the 
analysis of the spectra by tracking the machine 
component-specific, speed-dependent fault 
frequencies and their harmonics. 
 

 
Figure 1: Schematic diagram of the Durham WTCMTR [11].

 
Figure 2: Durham WTCMTR instrumentation and 

control systems [11]. 

4 Damaged Gearbox Investigation 

Experiments were conducted to investigate the 
progression of a tooth defect on a high speed shaft 
(HSS) pinion, which was introduced into the 
WTCMTR at variable-speed and generator load. The 
behaviour of a healthy pinion and of four faults of 
increasing severity were investigated by introducing 
progressive damage to the leading contact edge of 
one tooth of the gearbox pinion. Figure 3(a) shows 
the healthy pinion, Figures 3(b), (c), and (d) show 
early stages of tooth wear, while Figure 3(e) depicts 
the entire tooth missing. 

The most important components in gear vibration 
spectra are the tooth meshing frequency and its 
harmonics, together with sidebands caused by 
modulation phenomena. The increment in the 
number and amplitude of such sidebands may 
indicate a fault condition. Moreover, the spacing of 
the sidebands is related to their source [12]. 
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Typically, the more damage that occurs, the more 
energy there is in the sidebands [13]. 

Previous work of the authors on the WTCMTR [14] 
has shown that the presence of a faulty pinion can 
be clearly seen, from the FFT order spectrum, in the 
HS stage meshing frequency second harmonic 
2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆, which is heavily modulated by the HSS 
speed. Furthermore, the gear mesh centre 
harmonic, surrounded by the sidebands, denotes 
which gear mesh the damaged gear is passing 
through. These two pieces of information indicate 
that the damaged component is passing through the 
HS stage gear mesh and is mounted on the HSS 
shaft. 

Based on the experimental evidence, a gear 
condition indicator, the Sideband Power Factor 
(SBPF) algorithm, was proposed [14] to evaluate the 
gear damage during the WT non-stationary load and 
speed operating conditions. The SBPF algorithm 
sums the Power Spectrum amplitudes of the HS-
stage meshing frequency second harmonic and its 
first 5 sideband peaks on each side. It has been 
calculated using  

𝑆𝐵𝑃𝐹 = 𝑃𝑆𝐴�2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆� + � 𝑃𝑆𝐴(𝑆𝐵𝑖)     (1)
+5

𝑖=−5

 

where 𝑃𝑆𝐴�2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆�  and 𝑃𝑆𝐴(𝑆𝐵𝑖) , with 
𝑖 = ±1, ±2 , ±3, ±4, ±5 , are the power spectrum 
amplitudes of the 2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆  harmonic, and of its 
first 5 sidebands spaced at the HSS rotational 
speed, respectively. 

The proposed algorithm facilitates the monitoring 
analysis, reducing each FFT spectrum to only one 
parameter for each data acquisition. By automating 
the condition monitoring of the gears, SBPF reduces 

the quantity of vibration information that WT 
operators must handle, providing improved detection 
and timely decision-making capabilities. SBPF can 
be monitored over time, trended, and compared to 
one or more predetermined threshold levels to 
provide warnings and alarms to operators. 

5 Fault Detection and Diagnosis 
Based on SBPF Algorithm 

The influence of the fault severity and the variable 
load operating conditions on the SBPF values has 
been investigated by performing tests on the 
WTCMTR at a load up to 3.6 kW. 

The resulting SBPF values are shown in Figure 4 
against the load, expressed as a percentage of the 
maximum generator output in this condition, for HSS 
pinion healthy conditions, for early stages of tooth 
wearing, and for a missing tooth. 

The results show that the SBPF magnitude is 
proportional to the magnitude of the gear fault level. 
This is because as damage develops on a gear 
tooth passing through the gear mesh, the sidebands 
increase in amplitude, resulting in larger SBPF 
values. The trend of the obtained SBPF values can 
be fitted by an exponential curve, relating vibration 
spectra power increase with machine load. 

In the full range of the load investigated, the SBPF 
values for the missing tooth case are higher than 
both the healthy and early tooth wear cases, 
indicating clear fault detection. The proposed 
algorithm works successfully even at the early 
stages of the tooth failure, showing a higher 
effectiveness at percentage loads above 20%. 
 

 
Figure 3: HSS pinion conditions investigated during the tests: (a) healthy, early stage of tooth wear; (b) 3-mm x 

2-mm chip; (c) 5-mm x 5-mm chip; (d) 7-mm x 5-mm chip; (e) missing tooth. 
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Figure 4: Influence of the fault severity and the variable load operating conditions on the SBPF values.

The SBPF detection sensitivity to tooth damage, 
shown in Figure 5, has been calculated by 
determining, for each load condition, the percentage 
change of the SBPF value. For each case, the SBPF 
detection sensitivity (%SBPF) between faulty and 
healthy conditions has been defined as  

%𝑆𝐵𝑃𝐹 =
𝑆𝐵𝑃𝐹𝑓 − 𝑆𝐵𝑃𝐹ℎ

𝑆𝐵𝑃𝐹ℎ
∗ 100                         (2) 

where 𝑆𝐵𝑃𝐹ℎ and 𝑆𝐵𝑃𝐹𝑓 are the SBPF values for the 
healthy and faulty cases, respectively.  

The sensitivity analysis shows that: 
• The SBPF technique proves successful in the 

detection of both early and final stages of gear 
tooth damage, with average detection 
sensitivities of 100% and 320%, respectively. 

• The missing tooth fault is marginally easier to 
discriminate at lower powers, while the minor 
faults are slightly easier to discriminate at higher 
powers. 

Experimental work on the low-power Durham 
WTCMTR has allowed the implementation of 
repeated fault-like conditions under controlled 
conditions. The developed SBPF methodology, 
based on the analysis of the dynamics of the gears, 
can easily be scalable to higher WT power levels. 
However, this would probably imply an increase in 
the spectral background noise because of the higher 
complexity of WT drive trains compared to the small-
scale WTCMTR. 

For gearbox parallel stages, SBPF is easily 
applicable to the harmonics of each fundamental 
gear mesh frequency using both gear and pinion 
sidebands. For planetary stages, the analysis of the 
sideband patterns could be more complicated 
because of the low mechanical transmissibility from 
gear components and the multiple contact points 
between each planet gear meshing and the sun and 
ring gear. 
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Figure 5: SBPF detection sensitivity to early stages of tooth wear and tooth missing for the experimentally 

investigated WTCMTR power loads.  

6 NREL Wind Turbine Gearbox 
Condition Monitoring Round 
Robin Project  

To validate the performance and reliability of the 
proposed SBPF algorithm on a full-size gearbox, the 
algorithm has been tested on data from the Wind 
Turbine Gearbox Condition Monitoring Round Robin 
project [15]. Vibration data collected from two 

identical 750-kW wind turbine gearboxes that were 
tested at the National Renewable Energy Laboratory 
(NREL) dynamometer test stand [16,17], shown in 
Figure 6, were used in this study. The gearboxes 
have an overall ratio of 1:81.491 and feature one 
low-speed (LS) planetary stage and two parallel 
stages, and an intermediate speed (IS) and high 
speed (HS) stage, respectively. Baseline data were 
collected on the dynamometer test stand from a 
healthy test gearbox, which did not have any 
operational experience. 

 
Figure 6: NREL dynamometer test stand with 750-kW gearbox article installed.  

Photo by Lee Jay Fingersh / NREL 16913.  
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Data then were collected from the dynamometer 
retest of an identical gearbox after its internal 
components had sustained damage from its field 
test. This gearbox first finished a run-in in the NREL 
dynamometer and was then sent to a nearby wind 
farm for a field test. The test gearbox was installed 
on a three-blade, stall-regulated, upwind wind 
turbine with a rated power of 750 kW and a rated 
wind speed of 16 m/s. In the field, two oil loss events 
occurred and led to some damage to gears and 
bearings inside the test gearbox. The gearbox was 
then removed from the field and retested under 
controlled conditions in the NREL test stand. During 
the retest, various condition monitoring data were 
collected, including measurements of vibration and 
oil debris. Once the dynamometer retest was 
completed, the gearbox was disassembled and a 
detailed failure analysis was conducted [18]. Severe 
scuffing of the HS shaft gear set was one of 12 
instances of damage found during the failure 
analysis. Figure 7 shows the damaged HSS pinion. 

 
Figure 7: Pinion damage on the 750-kW gearbox 
HSS. Photo from GEARTECH, NREL / 19743. 

The task of this study was to detect and diagnose 
that damage by using the SBPF analysis of the 
vibration data collected by an accelerometer 
mounted radially on the gearbox HSS. The 
accelerometer was an integrated-circuit 
piezoelectric-type with a sensitivity of 100 mV/g.  

The available dataset refers to an HSS speed of 
1800 rev/min and to 50% of rated power, which is 
the highest test load applied in order to reduce the 
chances of a catastrophic gearbox failure. It 
contains: 

• For the healthy gearbox: 1 single FFT spectrum 
collected by a commercial condition monitoring 
system at 5 kHz for a duration of 1.6 sec 

• For the faulty gearbox: 40-kHz raw vibration 
data collected continuously for 10 minutes. 

The dataset presented some challenges to deriving 
a system baseline for sideband amplitude 
comparison purposes. This was overcome by 
windowing data from the faulty gearbox through a 
1.6s time window and then processing the data 
using the built-in Fast Fourier Transform algorithm in 
MATLAB. The resulting 375-FFT spectra have then 
been consistently compared against the available 
healthy spectrum, presenting the same frequency 
resolution. Figure 8 shows an example of the zoom-
in view of the healthy and faulty spectra around the 
HS stage meshing frequency second harmonic, 
2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆, given by 

2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆 = 1323 𝐻𝑧                                            (3) 

When comparing the degraded gearbox to the 
nominal baseline healthy gearbox, the increase in 
energy content of the 2 𝑋 𝑓𝑚𝑒𝑠ℎ,𝐻𝑆  harmonic and its 
sidebands can be clearly seen. In the faulty 
spectrum, the HS stage meshing frequency second 
harmonic is heavily modulated by the HSS rotational 
speed, 30 Hz. The sideband spacing indicates 
severe damage in the HS pinion [14].  

To quantify these observations from the vibration 
data, SBPF values were extracted from the baseline 
spectrum and the 375 degraded gearbox spectra. 
The results are shown in Figure 9. 

The SBPF magnitude is much larger for the 
degraded gearbox compared to the baseline 
gearbox, representing an average value of 0.025 
(gP)2. From the SBPF methodology, there is a 
strong indication that there is damage on the high-
speed shaft pinion. These results, on a full-size 750-
kW gearbox, provide further credibility to the SBPF 
algorithm, already proven on the 30-kW WTCMTR, 
for timely detection and diagnosis of gear damage. 
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Figure 8: FFT vibration spectra for the healthy and the faulty 750-kW gearboxes in the [1140-1500] Hz 
frequency bandwidth.

 

Figure 9: SBPF comparison between baseline and faulty 750-kW gearboxes. 

The SBPF detection sensitivity to tooth damage, 
shown in Figure 10, has been defined in equation (2) 
by considering the percentage change in the SBPF 
values between faulty and healthy cases. Although 
the gearbox damage was more complex than in a 
typical operational wind turbine [15] and the dataset 
provided refers to only one speed and load 
operational condition, the SBPF detection and 
diagnostics technique proves successful in the 

detection of HS pinion damage, with an average 
detection sensitivity of 1251%. 

Because the analysed dataset contains multiple 
gearbox progressed faults, it is believed that in 
actual practice the SBPF diagnostic performance 
could be improved when deployed in the field, 
bearing in mind the smaller number of faults usually 
presented during the early stages of gearbox fault 
evolution. 
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Figure 10: SBPF detection sensitivity to damaged HS shaft pinion for 750-kW gearbox NREL dataset.

7 Conclusions 

In conclusion, this work shows that: 

• The SBPF algorithm proved effective in 
detecting the presence of gear damage within a 
30-kW Test Rig gearbox, i.e., damage location, 
and in identifying the precise damaged gear, i.e., 
damage diagnosis, with a detection sensitivity of 
300% to 350%. 

• The SBPF has successfully allowed the 
assessment of gear fault severity on the Test 
Rig by tracking progressive tooth damage, from 
the early stages of development, during variable 
speed and load conditions. 

• The experimentally defined SBPF technique has 
also been successfully tested against vibration 
data from an NREL 750-kW WT gearbox, which 
had experienced severe high-speed shaft gear 
set scuffing, with a detection sensitivity of 
1251%.  

• The proposed methodology is relatively simple 
to implement into a commercial WT CMS for 
automatic gear fault detection and diagnosis. 

• The generation of SBPF trends from the 
vibration spectra and the definition of magnitude 
thresholds for the fault severity levels could 
indicate to a WT operator when a maintenance 
action needs to be performed. 

• SBPF can be easily adapted to detect gear 
damage on all the WT gearbox parallel stages, 
while its applicability to planetary stages still 
requires more investigation.  

• Compared to the conventional FFT approach 
used in current commercial vibration-based 
CMSs, requiring time-consuming visual spectra 
analysis, the SBPF approach enables automatic 
detection and diagnosis of gear faults with low 
risk of false alarms. This will lead to increased 
accuracy of wind turbine drive-train vibration-
based condition monitoring. 
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