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Abstract: 
In order to extend the operating life of drivetrain components of a wind energy system improved data 
sets of load cycles could greatly enhance the design process. For this purpose, the effects of transient 
torque reversals which are dependent on the operating conditions as well as the wind characteristics 
have to be considered. The sensors currently used in condition monitoring systems, however, are 
mostly inadequate and often limited in access. The proposed optical speckle sensor can measure 
directly on any shaft material and works contactless, which allows post-installation on existing 
machines. A concept for an in-situ capable sensor with a resolution of 0.5 % the nominal torque of a 
generator shaft will be presented and the influence of the compound lens in combination with the 
image registration algorithm on the resulting measurement uncertainty will be discussed. 
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Introduction 
Drivetrains of wind energy systems (WES) 
suffer a broad range of dynamic loads. 
Transient torque reversals originate in power 
loss and emergency stops [1], start cycles [2] 
and in sheer winds and turbulence [3]. The 
subsequent failure of bearings and gearboxes 
result in over 50 % of the downtime of wind 
energy systems. In order to improve the design 
of drivetrain components with precise load 
cycles, additional sensors have to be installed 
for measuring the torque in shafts with high 
time resolution. 

Compiling load cycle data from supervisory 
control and data acquisition (SCADA) systems 
and condition monitoring systems (CMS) is 
limited because of inadequately measured 
variables, the missing availability of sensors 
(especially in older wind energy systems), the 
limited uncertainty of the possibly installed 
sensors, and even the access to the datasets 
because of confidentiality conflicts [4]. 
Moreover, the drivetrain torque is generally only 
derived from the electrical output of the 
generator which usually is limited to the nominal 
torque and does not record mechanical 
overload situations. For this reason, a direct 
measurement approach for acquiring the torque 
load is required. 

State-of-the-Art 
More direct measurements of the actual torque 
in a wind energy system usually require the 

assembly of strain gauges since integrated 
torque transducers are not a feasible solution, 
especially for the rotor shaft with torques in the 
mega newton meter range. However, installing 
conventional strain gauges is considered to be 
expensive and difficult [5]. A variety of other 
sensors and sensor principles have been 
proposed in order to simplify the application of 
torque sensors in wind turbines. 
Magnetostrictive torque sensors have only 
minimal target requirements, good stability, and 
like most contactless sensors can withstand 
overloads [6]. Standard automotive sensors and 
simple punched metal bands are used to 
measure angular differences in [7]. This 
approach still requires some modification of a 
shaft, and mounting on glass fiber reinforced 
composites reduced the isolating properties and 
has acceptance issues because of possible 
perpendicular loads on such a shaft. 
Determining the torque from angular differences 
can be combined with optical capturing of 
markings applied to a shaft [8]. The sensor 
described by Menke et al. still requires the 
modification of the shaft by laser structuring, 
and thus is difficult to apply as a retrofit 
package. Directly using images of the shaft 
surface would obviously result in a sensor 
capable of measuring angles on all kinds of 
surfaces and shaft materials. The main 
requirement, however, is that the surface has 
discriminable structures and that their 
movement can be traced down to the 
nanometer scale. Furthermore, at least a small 
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section of structure must be unique so it can be 
used as an index. 

Aim of the paper 
This paper discusses a concept for an optical, 
in-situ capable sensor measuring angular 
differences without any modifications to the 
shaft, and calculating the resulting torque based 
on shaft model. 

For this paper the requirements of the sensor 
are derived from the technical data (Figure 1) of 
the research wind energy system of the 
University of Bremen. 

 
Figure 1: Technical data of the research wind energy 
system of the University of Bremen, the resulting 
sensor requirements, and the feasible characteristics 
of the proposed speckle sensor. 

A reasonable choice for the shaft under 
consideration is the generator shaft due to the 
fact that its mechanical model is much simpler 
than that of a typical rotor shaft. For the proof of 
principle the goal for the torque resolution is 
defined to 0.5 % (135 Nm) of the nominal 
torque or full scale for normal sensor operation.  

Measurement principle and experimental 
setup 
The proposed sensor setup depicted in Figure 
1, combines two speckle sensors for two angle 
measurements at the measuring distance 
l = 0.1 m on the rotor shaft with a radius of 
r = 0.1 m. With Equation (1) the requirement for 
the torque (M) resolution translates to a surface 
displacement of b = 105 nm (shear modulus 
G = 82.0 MNm-2). 

                                   (1) 

      

Monochromatic speckle patterns emerging from 
a specific spot of a rough workpiece surface 
can be regarded as a unique fingerprint of that 
specific spot [9]. The digital (speckle) image 
correlation (DIC) has been proposed for strain 
[10], or surface velocity [11, 12] measurements, 
and has been used for displacement 
measurements down to the nanometer scale 

[13, 14]. Thus, the requirement for the 
displacement resolution can be achieved.  

 
Figure 2: Measurement principle using two 
synchronized, speckle based angle measuring 
sensors with a single laser illuminating the surfaces 
with nano second pulses. 

For the proof of principle the experimental setup 
has been simplified as shown in Figure 3. A 
target surface is moved (x-axis) in steps of 
6 µm in front of high speed camera with 
1280x1024 pixels and a pixel size of p = 14 µm. 
A capacitive distance sensor is used as 
reference for the step size. The Laser (not 
shown) with a wavelength of 405 nm illuminates 
the target surface with a collimator. 

 
Figure 3: Experimental setup comprising a camera, 
telecentric lens, a target surface and two linear 
stages, without the illuminating laser with a 
wavelength of 405 nm. 

Vibrations of the WES and subsequently of the 
torque sensor will result in varying distances 
between the lenses and the shaft surface. 
Therefore, the sensor should tolerate should 
tolerate small changes with only small effects 
on the measurement uncertainty. This affects 
the selection of a suitable lens, which must also 
have a magnification of 10 to 20 to achieve the 
required resolution on the camera sensor. For a 
field mountable sensor system and for having 
an acute angle between the laser beam and the 
optical axis of the lens, it is desirable to have a 
working distance of 20 mm to 100 mm. In 
combination with the c-mount adapter of the 
camera, the lens of choice was a telecentric 
lens with a magnification of m = 10 ± 5 %, a 
numerical aperture of N.A. = 0.23 and a working 
distance of WD = 55.3 ± 2 mm. Telecentric 
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lenses are preferable over single-lens systems 
in most metrological contexts because the 
relationship between image and object 
coordinates is straightforward. Additionally, the 
equations for speckle motion contain fewer 
parameters than the corresponding equations 
for a single-lens system [15]. Given the camera 
pixel size and the magnification the surface 
displacement resolution of 105 nm equates to a 
displacement in the image of d  0.07 pixel. The 
speckle size, as taken from the image, is one 
pixel. 

Image analysis 
There are a number of published approaches 
for sub-pixel image registration which is 
required for the targeted resolution. In the 
current sensor setup the speckle size is too 
small for typical speckle or PIV image 
registration algorithms. For this reason the 
algorithm published by Guizar-Sicairos et al. 
[17] was used in the experiments. Their efficient 
algorithm can register images with the same 
accuracy as the standard FFT approach, and 
has been classified as the best performing 
algorithm with realistic images derived from 
satellite imagery [18]. A recent improvement of 
this approach by Yousef et al [19] is not 
considered here, because it is limited to images 
that differ by small sub-pixel shifts and the 
performance of the algorithm degrades 
otherwise.  

Measurement results 
The first measurements were carried out with 
the experimental setup in focus. The precision 
linear stage with a linear piezo drive in front of 
the lens was moved 160 times with a step size 
of x = 6.0 µm and a picture was taken at each 
step. A capacitive distance sensor was used as 
an additional reference for the step size. The 
images of two adjacent steps where compared 
with the above mentioned method.

 = 4.09 pixel and the 
experimental standard deviation of the 
observed values s(d) = 0.04 pixel. 

Figure 4 shows the added image displacements 
translated back into the coordinate system of 
the linear stage. Using the propagation of 
uncertainty, the steps of the linear stage could 
be estimated with an uncertainty of 
u(x) = 54 nm. The linearity of the measurement 
was very good (coefficient of determination 
R2  1). Using Equation (2) for calculating the 
combined standard uncertainty [20] of the 
torque measurement a resolution of 102 Nm, 
respectively 0.38 % of the nominal torque was 
achieved. 

 
Figure 4: x-Displacement of the surface as measured 
by the optical sensor with only every second step of 
the 160 steps shown for clarity; linear approximation 
through all measurements with a coefficient of 
determination R2  1. 

 

 (2) 

The telecentric lens has the advantage of a 
constant magnification across the whole depth 
of field (DOF). Even though the DOF of the lens 
for this study is only 0.02 mm, the same 
measurements where repeated with varying 
working distances by moving the linear stage 
along the y-axis. The experimental standard 
deviation of the mean of the steps in x-direction 
was used to calculate the actual magnification 
of the telecentric lens. The mean value of the 
magnification at the focus distance was 

 = 9.54 with a combined standard uncertainty 
of  = 0.02 with a coverage factor of k = 2. 

 
Figure 5: Magnification of the telecentric lens as a 
function of the distance between lens and target 
surface. The usable working distance is larger than 
the depth of field of 0.02 mm. Two different regions 
of interest (roi) for the image registration were 
evaluated.  

As shown in Figure 5 the magnification remains 
practically constant (±0.5 mm) around the 
working distance of the telecentric lens and as 
expected varies significantly otherwise. 
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Conclusions and outlook 
The results show that the proposed sensor in 
this proof of concept configuration is capable of 
the stipulated resolution of 0.5 % (135 Nm) of 
the nominal torque with regard to the influences 
of the sensor setup and the image registration 
algorithm.  

Using speckle patterns and not direct surface 
characteristics has the effect that a varying 
distance between lens and shaft has only a 
small influence on the measurement, at least 
regarding the influence of the magnification on 
the displacement measurement. The allowable 
range increases from ±0.01 mm, as expected 

from the DOF, to ±0.5 mm around the working 
distance of the telecentric lens. 

From Equation (1) it is obvious that several 
other influences contribute to the uncertainty of 
a fully developed optical torque sensor. Further 
research will address some of these issues 
(see Figure 6) especially on the sensor side, 
and will be targeted at implementing a sensor 
comprising two angle measurement units as 
well a testing on a testbed for dynamic torque 
measurements at the targeted surface speeds 
of up to 15 m/s. 

 

 

 
Figure 6: A subset of influences on the uncertainty of the torque measurement. 
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