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estimation have been proposed using a variety of mechanical sensor signals and anemometer wind speed
measurements [9]-[11].

Abstract In this paper a method to estimate the drive torques
from Light Detection and Ranging (LiDAR) measurements is
proposed. Knowledge of these values brings many advantages for
turbine control and especially active damping of mechanical
oscillations.

Light Detection and Ranging (LiDAR) is a technology
for remote sensing using laser light. By evaluating the
reflected light the distance or speed of objects can be
measured. Among others one possible application is
measuring the speed of aerosol particles in the atmosphere to determine the wind speed [12],[13].

Primarly a simplified method to calculate the aerodynamic torque
from wind speed measurements of a nacelle based LiDARsystem will be presented which bases on blade element momentum theory (BEM). Comparisons of results of the original and a
simplified computation method show small deviations in the
relevant working range of a wind turbine. Additionally a Kalman
Filter is used to estimate the drive torques of the wind turbine.

A nacelle based LiDAR-System offers new possibilities
of wind turbine control, especially in terms of active
damping of drive train oscillations. Different control
approaches using feedforward and feedback control for
pitch [14]-[17] or generator control [18] have been proposed, some of which include observation of the turbine

The method is tested in simulation using a model of a doubly fed
induction generator (DFIG) wind turbine including a gearbox.
Simulation results show good performance of the estimation.

Key words
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1. Introduction
Wind power plants have to be absolutely reliable. Drive
train damages are one major reason for turbine breakdowns, as all mechanical components are highly stressed
by oscillations, which are induced by the wind load and
several kinds of special events.
A number of concepts to enhance the durability of the
drive elements have been proposed in recent years.
Besides optimization of design and engineering of the
mechanical turbine components themselves as proposed in
[1], it is a viable method to modify the control algorithms
of the turbine, either of the pitch control [2] or of the
generator controller [3]-[8].
These control algorithms could be optimized if more drive
train measurements are available. As measuring this value
is a very complex and costly task, using estimation algorithms is a possible alternative. Different methods for load
https://doi.org/10.24084/repqj13.298

Fig. 1: Schematic diagram of a wind turbine with DFIG and
gearbox. The colored parts have been modeled (illustration
based on [7]).
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The mechanical drive train is represented as a threemass-oscillator. In the following we will refer to the
torque on the high speed shaft of the gearbox (generator
side) as 𝑻𝑮𝑺 and to the torque on the low speed shaft
(rotor side) as 𝑻𝑹𝑺 . The gear ratio is given by 𝒊. Looking
at the block diagram of a three-mass-oscillator (c.f.
Figure 2), it is obvious, that the mechanical components
and especially the gearbox is loaded by the differential
torque ∆𝑻. It can be calculated by
∆𝑻 = 𝑻𝑮𝑺 −

𝑻𝑹𝑺
𝒊

(1)

A time varying wind field has been computed using
TurbSim by NREL [21]. It outputs a wind speed matrix
in the rotor plane for each time step, which is used as an
input for the rotor model. It calculates the aerodynamic
torque 𝑻𝒂𝒆 using blade element momentum theory
(BEM). A description of the equations can be found in
section 4.

3. Measuring wind speed using LiDAR
Light Detection and Ranging (LiDAR) is a remote sensing technology similar to Radar, but using Laser light
instead of micro waves.

Fig. 2: Block diagram of a three mass oscillator (illustration
based on [7]).

Laser light is emitted in direction of an object and the
reflected light gathered and evaluated. Using a Doppler
LiDAR system the speed of objects can be measured by
analyzing the Doppler shift of the backscattered light.
The speed of aerosol particles in the atmosphere can be
used to determine the wind speed. A detailed description
of LiDAR systems can be found in [12],[13].

system using LiDAR measurements [17],[18]. Nevertheless all of them do not use LiDAR to determine high frequency drive train oscillations.
This paper presents a new method to estimate the drive
torque of a wind turbine using wind speed measurements
of a nacelle based LiDAR-System and a Kalman Filter.
The Kalman Filter uses the aerodynamic torque 𝑻𝒂𝒆 , which
is induced by the turbine rotor, as an input value. Furthermore a simplified method to compute 𝑻𝒂𝒆 online using
blade element momentum theory (BEM) is proposed.

In this paper we assume that the considered wind turbine
has a nacelle based Doppler-LiDAR-System installed,
that allows measuring higher frequency wind speed oscillations (𝒇 > 10𝐻𝑧). At the moment there is no such system available on the market, but considering ongoing
research it will be available in the future [22]-[24].

Simulations will be carried out using a simulation model
of a doubly fed induction generator (DFIG) wind turbine
including a gearbox.

We assume we have the output of this measurement device available as a matrix of wind speed in the rotor
plane. Furthermore we assume that the torque on the high
speed shaft of the wind turbine 𝑻𝑮𝑺 is measured.

2. System under consideration and modelling
In this paper we will take a variable speed doubly fed
induction generator (DFIG) wind turbine with a planetary
gearbox as an example. This type of turbine is commonly

4.

The rotor of a wind turbine transforms the kinetic energy
of the wind in a mechanical torque on the drive train.
Finally electrical power can be generated using a generator.

used nowadays. A scheme of a wind power plant of the
type examined can be found in Figure 1. In general it is
possible to use the new concepts on any kind of turbine
later on. Simulations are carried out using
Matlab/Simulink.

In this section a method will be described to calculate the
aerodynamic torque 𝑻𝒂𝒆 on the main shaft of the wind
turbine from the arising wind velocity 𝒗.

The DFIG is modelled using the equations described in
[19]. Its stator is directly connected to the electric grid and
its rotor is connected to a converter. The machine is
controlled via the converter by a commonly accepted field
oriented control method as described in [20].

https://doi.org/10.24084/repqj13.298

Calculation of the aerodynamic torque
Tae

The computation is done using blade element momentum
theory (BEM) which considers the local forces on infinitesimally small blade elements at each radius 𝒓. A de257

RE&PQJ, Vol.1, No.13, April 2015

tailed description of the method can be found in [25]-[27].
A 𝒛 bladed wind turbine is considered. Each rotor blade is
described by its blade width 𝒉(𝒓) starting at radius 𝐫𝟎 , the
rotor blade radius 𝐑 𝐑 and the lift coefficient 𝒄𝑨 , which is
considered constant for the whole blade. The width of one
blade element for the BEM computation is ∆𝒓(𝒓).
The angular frequency of the rotor is described by 𝝎𝒓𝒐𝒕
and the air density by 𝛒.

Concluding the following equations can be derived:
𝑹𝑹 −𝒓𝟎
∆𝒓

𝑻𝒂𝒆 = 𝑬𝟏 � 𝑬𝟐 𝑬𝟑
𝒊=𝟏

while:
𝑬𝟏 =

𝝆
𝒄
𝟑 𝑨

𝑬𝟐 = 𝒓𝒊 𝒉(𝒓𝒊 )∆𝒓(𝒓𝒊 )

5.

(2)

𝟒
𝑬𝟑 = 𝒗� 𝒗(𝒓, 𝒕)𝟐 + 𝝎𝟐𝒓𝒐𝒕 (𝒕) 𝒓𝟐𝒊
𝟗

(3)
(4)

(5)

Symplified method to calculate the aerodynamic torque Tae

Looking at equations (2) - (5) one can see, that the three
sub-functions 𝑬𝟏 , 𝑬𝟐 and 𝑬𝟑 can be distinguished by their
variable dependencies on wind velocity 𝒗, angular frequency of the rotor 𝝎𝒓𝒐𝒕 and radius 𝒓.

The first sub-function 𝑬𝟏 consists solely of constant factors (𝑬𝟏 = 𝒄𝒐𝒏𝒔𝒕). It is neither dependent on time 𝒕 nor
blade radius 𝒓. Therefore it can be calculated once for the
whole turbine and all time.

The second sub-function 𝑬𝟐 depends on the blade radius 𝒓,
but not on time 𝒕 (𝑬𝟐 = 𝒇(𝒓)). The rotor geometry does
not change during turbine operation. Thus 𝑬𝟐 can be obtained once for each blade element and all time.

Fig. 3: Aerodynamic torque 𝑻𝒂𝒆 plotted against the angular
frequency 𝝎𝒓𝒐𝒕 and the wind velocity 𝒗. You can see the values
computed using the original sub-function 𝑬𝟑 (a), the simplified
� 𝟑 (b) and the relative error (c).
sub-function 𝑬

The third sub-function 𝑬𝟑 is time 𝒕 and radius 𝒓 depending. Thus it has to be computed in each time step ∆𝒕
(𝑬𝟑 = 𝒇(𝒗, 𝝎𝒓𝒐𝒕 , 𝒓)) using the measured values 𝒗
and 𝝎𝒓𝒐𝒕 .

� 𝟑 to
We aim to find a simplified computation method 𝑬
replace 𝑬𝟑 , which calculates good results in the relevant
working range of a wind turbine.

This last sub-function 𝑬𝟑 solely determines the complexity
of the online computation of the aerodynamic torque 𝑻𝒂𝒆 .
The other sub-functions can be pre-calculated and do not
influence the computation time.

In the following low angular frequencies 𝝎𝒓𝒐𝒕 and wind
velocities 𝒗 are neglected, as there is very little energy
capture in this working range of the wind turbine. Than it
holds for 𝝎𝒓𝒐𝒕 𝒓 ≫ 𝟎:
𝟒
𝝎𝒓𝒐𝒕 𝒓 ≫ � 𝒗
𝟗
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(6)

Considering this observation we calculate a simplified sub� 𝟑 as follows:
function 𝑬
𝟒
�𝟑
𝑬𝟑 = 𝒗� 𝒗𝟐 + 𝝎𝟐𝒓𝒐𝒕 𝒓𝟐 ≈ 𝒗 𝝎𝒓𝒐𝒕 𝒓 = 𝑬
𝟗

In this paper we will estimate the states of the mechanical
system of the wind turbine, that is all speeds
(𝝎𝒈𝒆𝒏 , 𝝎𝒈𝒆𝒂𝒓 , 𝝎𝒓𝒐𝒕 ) and the resulting shaft torsions
𝝋𝒈𝒆𝒂𝒓

(𝝋𝒈𝒆𝒏 − 𝝋𝒈𝒆𝒂𝒓 and
− 𝝋𝒓𝒐𝒕 ). We consider the state
𝒊
space model of the mechanical system as three-mass
oscillator.

(7)

Figure 3 shows the aerodynamic torque 𝑻𝒂𝒆 plotted against
the angular frequency 𝝎𝒓𝒐𝒕 and the wind velocity 𝒗. It has
been calculated using data of a common wind turbine. For
the sake of simplicity a constant wind velocity 𝒗 on the
whole blade is assumed.

The generator speed 𝝎𝒈𝒆𝒏 and the torque on the high
speed shaft 𝑻𝑮𝑺 have to be measured and result in 𝒚. The
vector of input values 𝒖 includes the aerodynamic torque
𝑻𝒂𝒆 which has been calculated using the simplified computation method described in section 5 and the air gap
torque of the generator 𝑻𝒂𝒊𝒓 𝒈𝒂𝒑 , which can be calculated
in a flux model.

You can see the aerodynamic torque 𝑻𝒂𝒆 computed using
the original sub-function 𝑬𝟑 (a), the simplified sub� 𝟑 (c). As ex� 𝟑 (b) and the relative error of 𝑬
function 𝑬
pected the biggest deviations can be found for low angular
frequencies 𝝎𝒓𝒐𝒕 , which are neglected.

The torques 𝑻𝑮𝑺 and 𝑻𝑹𝑺 arise from the estimated states
and the known values of the mechanical spring rigidity 𝒄
and damping 𝒅.

Thus Figure 3 shows clearly that the simplified computa� 𝟑 gives good results as deviations are
tion method using 𝑬
very low in the relevant working range of a wind turbine.

𝑻𝑮𝑺 = 𝒅𝟏 (𝝋𝒈𝒆𝒏 − 𝝋𝒈𝒆𝒂𝒓 ) + 𝒄𝟏 (𝝎𝒈𝒆𝒏 − 𝝎𝒈𝒆𝒂𝒓 )

𝝋𝒈𝒆𝒂𝒓
𝝎𝒈𝒆𝒂𝒓
𝑻𝑹𝑺 = 𝒅𝟐 �
− 𝝋𝒓𝒐𝒕 � + 𝒄𝟐 �
− 𝝎𝒓𝒐𝒕 �
𝒊
𝒊

6. Observation of 𝑻𝑹𝑺 and ∆𝑻 using a Kalman filter

(8)

(9)

Afterwards the differential torque ∆𝑻 can be calculated
using equation (1)

The Kalman Filter is an algorithm to estimate unknown
system states 𝒙 using measurements observed over time 𝒚
which include measurement uncertainties (e.g. noise). In
addition a state space model of the system and the system
input values 𝒖 are known.

7. Simulation results
Simulations have been carried out using Matlab/Simulink
and the model described in section 2.

The algorithm works in a two-step cycle. In the prediction
� is calculated.
step a new estimation for the system states 𝒙
In the next step this estimation is corrected using the
measurements 𝒚. Detailed information about this algorithm
can be found in [28]-[30].

The simulation results can be found in Figure 4. The
values of estimation and model show a similar trend.
Especially the high frequency oscillations are well reproduced by the estimation as nearly all peaks are shown.
The values of the torque on the low-speed shaft 𝑻𝑹𝑺
show less deviations of estimation and model than the
differential torque ∆𝑻. This can be explained by the
influence of the measured torque 𝑻𝑮𝑺 and the much
smaller range of the values.
Thus the proposed estimation method using the simplified calculation of the aerodynamic torque 𝑻𝒂𝒆 and
Kalman filtering works very well. The estimated values
of the torque on the low-speed shaft 𝑻𝑹𝑺 (above) and the
differential torque ∆𝑻 will be a good basis for control
design and damping of drive train oscillations.

8. Conclusion
A new simplified method to calculate the aerodynamic
torque 𝑻𝒂𝒆 from wind speed measurements of a nacelle
based LiDAR-System using blade element momentum
theory (BEM) has been presented. Comparisons of results
of the original and the simplified computation methods
show small deviations in the relevant working range of a
wind turbine.

Fig. 4: Simulation results of the torque on the low-speed shaft
𝑻𝑹𝑺 (top) and the differential torque ∆𝑻 (bottom) over time. The
values of the estimation (blue) and the wind turbine model (red)
show a similar trend.
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[4]

Furthermore a Kalman Filter has been used to estimate the
torque on the low-speed shaft 𝑻𝑹𝑺 and the differential
torque ∆𝑻 of the wind turbine. Simulations show good
estimation results.

[5]

Knowledge of these values of the drive train brings many
advantages for turbine control and especially active damping of mechanical oscillations. Measuring this value is a
very complex and costly task. Therefore estimation can be
a good alternative.

[6]

To make the described methods work, further improvements concerning LiDAR-systems are mandatory. Further
research has to result in industrial solutions for nacelle
based measurement infrastructure. Higher sampling rates
are needed as well as a severe cost reduction of the systems. In addition systems to measure the torque on the
high speed shaft 𝑻𝑮𝑺 have to be further developed and
brought to the market.

[7]

[8]

In future research it is planned to combine the proposed
algorithms with control algorithms for active damping of
oscillations in the drive train of a wind power plant as
proposed in [7],[8].

[9]

[10]

To prove the new concepts in a more realistic environment
by measurements they will be tested on a 37kW test rig
(c.f. Figure 5) that emulates the behaviour of the drive
train of a DFIG wind power plant.

[11]
[12]

[13]

[14]

[15]

Fig. 5: Schema of the 37kW DFIG wind power plant test rig
(illustration based on [7]).

[16]
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