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1. Abstract

The offshoring of wind turbines is an important factor for increasing the regenerative part of future energy
generation. The turbines are getting larger and are often inaccessible for preventive maintenance during
long periods of the year.

Measuring the oil condition gives important information on gear health and helps to protect machinery
from damage. Benefits of such measurement systems are cost savings due to an enhanced service life of
the lubricant, increased lead time for maintenance and oil changes that are conducted rather by oil
condition than by fixed scheduled intervals. An infrared transmission spectrum of the oil sample provides
important |nformat|on of its condition. Such a measurement is usually performed at a high spectral
resolution of 1 cm™ covering a broad spectral range of 4000 to 500 cm™. Continuous online monitoring by
FTIR for series-application is expensive and bulky equipment is required. Miniaturized, tunable Fabry-
Perot spectrometers (FPS) have been demonstrated to perform well in gas analysis applications and
have the potential for the construction of a cost effective infrared oil sensor.

In this paper the suitability of miniaturized, tunable FPSs for condition monitoring of wind turbines is
analyzed. Two commercial FPSs LFP-3041L and LFP-3950L from InfraTec are analyzed for their
applicability to this measurement problem. A third notional FP spectrometer based on a tandem setup of
two tunable etalons is presented and its performance for the detection of oil aging is evaluated.

Based on a representative data set of used oils, spectral bandwidth and resolution of the spectra are
limited to the propertles of the FP based mini spectrometers. The orlglnal data set, taken by a FTIR with a
resolution of 1 cm™ covers the spectral range from 4000 to 500 cm™, the second dataset covers the range
from 3333 to 2439 cm™, data set three covers the range from 2564 to 2083 cm™ corresponding to
InfraTec LFP 3041L and LFP-3950L respectively. Data set four covers the range 1818 to 909 cm”
corresponding to the simulated Fabry-Perot Tandem Spectrometer (FPTS) approach.

Out of these downscaled spectra a partial least square regression (PLS) was done to predict important oil
quality parameters like total acid number (TAN) and additive depletion. Prediction quality of these
parameters is used to evaluate the usability of the respective mini spectrometer to the oil monitoring
application.

2. Introduction

Offshore wind turbines have the potential of generating renewable energy on a large scale. Currently
several offshore wind farms are under construction all over the world. The used turbines are in the 5 MW
class and beyond and often feature a large planetary gear with more than 1000 liters of lubricating oil.
Modern onshore wind turbines (WTs) have an availability of about 95% to 99% [1]. However, there are
still a number of faults that cause unscheduled downtimes. These downtimes lead to high maintenance
efforts and production losses. In the German scientific measurement and evaluation program (WMEP)
operation & maintenance (O&M) and repair reports from 1500 WTs in the period from 1989 - 2006 [2]
were analyzed. According to the WMEP onshore statistics, the gearbox has the highest downtime per
failure (more than six days). This downtime is expected to be even higher offshore cause of the rough
environmental conditions and the limited accessibility of offshore wind farms. By monitoring important oil
quality parameters wear dependent maintenance becomes possible and a longer warning time is
achieved.

2.1. IR Oil condition monitoring

Infrared (IR) oil analysis is a de facto standard in laboratory oil analysis programs. Several publications
show the successful prediction of oil quality parameters by use of high resolution and high bandwidth
FTIR spectra [3-5]. A principal component analysis (PCA) followed by partial least square regression
(PLS) is used to predict oil quality parameters out of their IR absorption spectra [6]. Parameters like
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oxidation, total acid number (TAN), additive depletion or water content can be analyzed. For condition
monitoring purposes in wind turbines the installation of a FTIR is due to cost and space reasons not
possible. In general IR based condition monitoring systems can be realized by reduction of resolution and
bandwidth. Here two approaches can be differentiated. A dispersive and a non-dispersive (ND) solution.

2.2. Non-dispersive (ND) sensor systems

In ND sensor systems, narrow bandpass filters combined with an IR detector are used to sample distinct
spectral points. In [7] a quad channel thermopile detector, equipped with four narrow bandpass filters was
used in an online condition monitoring system for marine diesel engines. Agoston et. al. showed an one
channel IR absorption sensor for the determination of engine oil deterioration [8]. In this approach a single
element thermopile detector was used and the two narrow bandpass filters were alternately set in the light
path. Kudlaty et. al. showed an IR absorption sensor employing attenuated total reflection (ATR) [9,10].
Here a single element pyroelectric detector and a rotating chopper disc with integrated narrow bandpass
filters were used.

ND sensor systems are of low-cost, robust against vibration, and perform well in some special purpose
applications.

2.3 Dispersive sensor systems

A more general approach for oil condition monitoring is the use of a dispersive element like e.g. a grating
or a linear variable filter (LVF) [11]. Compared to FTIR, resolution and bandwidth of dispersive oil
condition monitoring sensors is limited due to cost and size. The pyroelectric detectors with integrated
tunable Fabry-Perot filter from InfraTec represent a promising class of miniaturized IR spectrometers. The
two available detectors have a tunable spectral range of 1.3 uym at a resolution AA of about 100 nm. The
main advantage of dispersive sensor systems is the capability of analyzing chemical substances
characterized by adjacent or overlapping absorption bands [12].

For the application as oil monitoring system dispersive IR oil sensors can be adapted to the respective
type of oil just by adapting the calibration without the need of changing the hardware.

3. Materials and methods
3.1 Fabry-Perot spectrometers

A Fabry-Perot interferometer is the core of this type of IR miniature spectrometers and consists of two
highly reflective coplanar mirrors. Both reflectors are separated by distance d and the gap between, the
cavity is filled with a material of refractive index n. Varying the separation distance or the refractive index
of the cavity results in a tuning of the spectrometer. The transmission of a Fabry-Perot configuration is
described by the Airy function [12-14].

A(d,2.n,0)= I

n ( 2F, jz sin’ ( 2nnd cos 9)
T A

The transmission of the Airy function depends on four variables: d the separation distance, n the
refractive index of the cavity, A the wavelength, and 6 the angle of incidence. Fy is the single-pass
reflectivity finesse and T the single-pass transmission.

mR
(1-R)
2
1-A
T=| ——
1-R
R denotes the reflectivity of the mirrors and A the absorption. The reflectors of InfraTec’s Fabry-Perot
filters are made of dielectric multi layer stacks (Bragg reflectors) [15].
The period of the Airy function is termed free spectral range (FSR). The full-width at half-maximum

(FWHM) describes the bandwidth of the interference peak where half of the power is attenuated.
The key parameters for both analyzed tunable FPSs [16,17] are summarized in Tab. 1.
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Tab. 1: Specifications of tunable Fabry-Perot filters LFP 3041L - 337 and LFP 3950L - 337 from InfraTec

LFP 3041L  LFP 3950L

Tuning range (um) 3.0-4.1 39-4.8
Tuning range (cm™) 3333 -2439 2564 - 2083
FWHM (nm) 60 - 100 80 -120
FWHM (cm™)

Cavity tuning range (um) 1.5-25 1.5-25
Order number 1 1
Reflectivity R =2 0.9 20.9

3.2 Multivariate data analysis

To evaluate the usability of the tunable Fabry-Perot devices two common wind turbine gear oils, a mineral
and a synthetic oil were used. The MID-IR spectra of 200 samples of used 0|I of both types were
measured by a FTIR using a resolution of 1 cm™ at the range 4000 to 500 cm™. These spectra were
analyzed by a statistical factor analysis using The Unscrambler® from Camosoft 100 spectra were
chosen to provide the calibration set. 50 of the remaining 100 samples formed the validation set.

For the mineral oil the total acid number (TAN) was used as dependent variable. During the service life of
the lubricant acidic products are formed [18]. Thus the alkaline reserve or acid content of a degraded
lubricant is indicated in the TAN. Especially for mineral oils TAN is an important parameter indicating the
lubricant condition. For the synthetic oil the level of molybdenum was used as dependent variable. The
level of molybdenum indicates deterioration of the additive pack. Lubricants are formulated from a base
oil mixture and an additive pack [18]. Additives help to protect e.g. from oxidation, wear or corrosion.
Primary both dependent variables, TAN and molybdenum are predicted using high quality FTIR spectra of
both oils. Next all spectra are reduced to the specific resolution and range of InfraTec tunable Fabry-Perot
detectors LFP 3041L - 337 and LFP 3950L - 337 respectively. Subsequently a PLS is performed and

prediction quality is compared to that using FTIR spectra.
6 = .
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Fig. 1: IR absorption spectra of two popular wind turbine gear oils. The fresh oil spectra were measured at a
resolution of 1cm-1. The hatched areas mark unused spectral ranges due to non-linearity of the Lambert-Beer law.

Fig. 1 shows the fresh oil spectra of two popular wind turbine gear oils. Oil 1 is a mineral lubricating 0|I
and Oil 2is a synthetlc lubricant. The hatched areas mark unused spectral ranges from 3067 to 2758 cm™
and 1500 to 1330 cm™. These areas have to be blanked out for further factor analysis because of the
non-linearity of the Lambert Beer law at absorbance exceeding a value of 2.5.

A Prediction model, generated by multivariate data analysis, looks for changes within the sample set of
modeling spectra and relates these changes to the dependent parameter being predicted. This prediction
model contains the variations within the spectra that relates to the modeled parameter. The regression
coefficient contains both positive and negative spectral changes that relate to changes in the dependent
variable.
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Fig. 2: Regression coefficient of TAN for Oil 1and molybdenum levels for Oil 2

Tab. 2 shows the regression coefficient of TAN for Oil 1 and molybdenum for Qil 2. Both plots indicate the
contribution of spectral changes to the prediction. It can be seen that for both dependent variables
information carrying structures start at a wavenumber of about 1800 cm™. Both tunable Fabry-Perot
spectrometers operate in spectral regions with a minor or almost no contribution to prediction.

3.3 Extension of the spectral range

To obtain a wider spectral range an arrangement of two Fabry-Perot resonators, aligned in series are a
possible solution. With a spectral range starting at 1800 up to 900 cm™ a large portion of the important
part of the regression coefficient is covered. There are two configurations to arrange two Fabry-Perot
resonators in series. One is called the multiple integer tandem arrangement. Here the spacing of the first
Fabry-Perot is set as an exact multiple of the other [19]. For example the Fabry-Perot resonator one is
operated at an order of one and the second at an order of two. The second possible arrangement is

called vernier tandem. Here the two cavity length are made slightly different with respect to each other
[14,19,20].
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Fig. 3: Fabry-Perot 1 is operated in order 1 and Fabry-Perot 2 is operated in order 2. Fabry-Perot tandem shows the
output signal of both Fabry-Perots aligned in series.

According to Fig. 3 the tandem arrangement meets the analyzed requirements. The FSR is extended to
5,5 uym. By replacing the single channel detector with a multichannel one, covered by thin film band-pass
filters the spectral range of such a tandem Fabry-Perot could be enlarged even more.

For the simulation a reflectivity R of 0.9 and an absorption A of 0.04 [19] was used. Thus a system
transmissivity of 12 % was obtained. Further the phase shift in reflections at the etalon surface was
neglected, the refractive index n was set to 1 assuming air as fill gas and the angle of incidence 6 was set
to 0. For subsequent analysis a single detector tandem Fabry-Perot with a scanning range of 5.5 to 11
pMm was used. The tuning range of the two cavities were 2.75 to 5.5 ym for FP1 and 5.5 to 11 ym for FP2
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respectively. The resolution of this TFPS was calculated to be 24 cm™ at 1818 cm™ and 13 cm™ at
909 cm.

4. Results and discussion

To evaluate the suitability of the three FPSs prediction qualities of both important oil quality parameters,
TAN and molybdenum level are compared to the FTIR model. Tab. 2 gives an overview of the PLS
prediction statistics.

Tab. 2: Statistics for factor analysis of Oil 1 (TAN) and Oil 2(molybdenum) using spectra of FTIR, InfraTec LFP-
3041L-337, LFP-3950L-337 and a TFPS

: L5
s & 23
°rT o £
ET 2 %9
o 4 . @
© 2

FTIR TAN 0.899 0.020 6
(mgKOH/g)
Molybdenum 0.875 9262 5
(mg/kg)
LFP-3041L-337 TAN 0.256 0.063 6
(mgKOH/g)
Molybdenum 0.647 18555 5
(mg/kg)
LFP-3950L-337 TAN 0.214 0.065 6
(mgKOH/g)
Molybdenum 0.350 251.02 5
(mg/kg)
TFPS TAN 0.838 0.023 6
(mgKOH/g)
Molybdenum 0.854 154.15 5
(mg/kg)

Tab. 2 lists the results of PLS regression of Oil 1 (TAN) and Oil 2 (molybdenum) using FTIR and FPS
spectra. Statistics of FTIR spectra for prediction of TAN and molybdenum levels show high quality with a
regression coefficient r2 of 0.899 and 0.875 respectively. The prediction quality of both FPSs is rather
poor, with r? of 0.256 and 0.214 respectively for TAN as dependent variable. For the prediction of
molybdenum levels the LFP3041-337L shows a medium quality r> of 0.647. However, the LFP-3950-337L
gives a rather poor correlation of 0.350. The FPTS shows good prediction quality for both dependent
variables with r? of 0.838 for TAN and 0.854 for molybdenum levels. Both correlation coefficients are a bit
worse than the FTIR results but are still usable for oil condition monitoring purposes. For this application
the covered spectral range is more important than the spectral resolution.

5. Conclusion

In this study the suitability of band and resolution limited IR spectra of InfraTec tunable Fabry-Perot
spectrometers LFP-3041L-337 and LFP-3950L-337 with application to oil condition monitoring was
analyzed. Two important oil quality parameters, TAN and additive depletion were predicted using
multivariate statistics and IR spectra. Two popular wind turbine gear oils, a mineral and a synthetic one
were used to validate the practicability of both available FPS. A third notional FPTS was adjusted to fit the
measurement problem. TFPs mini spectrometers in combination with sophisticated multivariate data
processing are a possibility for an in-situ oil condition monitoring sensor.

However both available FPSs operate in a wavelength range that is not appropriate. For the prediction of
molybdenum levels in synthetic oils, LFP-3041L-337 shows a moderate prediction quality. The FPTS
approach, adjusted to the wavelength range 1818 to 909 cm™' showed good prediction performance. The
spectral resolution of first order FPSs was sufficient for the prediction of TAN levels in mineral based oils
and additive depletion in synthetic gear oils.
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