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a b s t r a c t

The effect of nacelle motion should be considered when calculating the wind speed

relative to the wind turbine structure, which is essential in wind turbine control and

performance testing. A Kalman filter approach is applied to estimate the nacelle motion

of a wind turbine. Information from several accelerometers and strain gauges which are

installed on the wind turbine tower is combined with the Kalman filter. An optimization

algorithm is used to choose the optimal locations for strain gauge and accelerometer

installation. A laboratory-scale experimental rig which mimics the tower and nacelle of

the wind turbine is constructed to evaluate the performance of the proposed estimator

algorithm. The usefulness of the proposed algorithm is validated by these laboratory-

scale experimental results.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

A wind turbine captures wind power by using rotating blades and converts it to electric power by a generator. The
aerodynamic torque (Ta) and thrust (Fa), which are the source of the rotating motion of the drive train and the main cause of
wind turbine tower vibration, are given by [1]

Ta ¼
1

2
rpR3 Cpðl;bÞ

l
v2,

Fa ¼
1

2
rpR2Ctðl;bÞv2, (1)

where r is the air density, R the rotor radius, v the wind speed relative to wind turbine, b the blade pitch angle, l ¼ OR/v

the tip speed ratio, O the rotor speed, Cp the power coefficient and Ct the thrust coefficient.
As can be seen in the above equation, the wind speed which is experienced by the rotor blades is a key parameter for

determining the wind turbine’s operational characteristics. If a nacelle is moving due to tower vibration, then this effect
should be considered in calculating Eq. (1) and that is given by

v ¼ vw � _yðL; tÞ, (2)

where vw is the wind speed, _yðL; tÞ the nacelle velocity.
The estimation of a nacelle motion is also useful in the problem of tower load alleviation. Fatigue life of a wind turbine

has to be more than 20 years, which means that the magnitude of mechanical stresses on wind turbine structure needs to
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be tightly controlled. Also, high level of wind-induced accelerations at the nacelle of wind turbine could result in
unavailability of wind turbine [2]. To reduce this vibration, a tuned liquid-column damper is tried and its effectiveness is
investigated [3]. The other way of reducing this vibration is using active control algorithms [4,5].

However, it is not possible to find a cost-effective sensor which measures the nacelle motion. A discrete Kalman filter
which utilizes sensor information from accelerometers and strain gauges installed on a wind turbine tower in order to
estimate the motion of a nacelle is introduced. As depicted in Fig. 1, accelerometers are placed on the tower top near the
nacelle, and strain gauges are installed on the root area of the tower. Approaches similar to that proposed in this paper can
be found in some references. The end point displacement of a flexible beam is estimated by combining a slowly refreshing
vision system and a high-bandwidth accelerometer with a Kalman filter [6]. A rotational speed estimator of a servo motor
based on a Kalman filter is designed by using an angular accelerometer and a rotary encoder and applied to the servo-
motor velocity control [7]. Bridge dynamic motion and wind-induced response of high buildings are monitored by GPS and
accelerometer [8,9]. In these applications, however, acceleration data are used just as reference data for GPS measurement
and not for estimation. The other issue in this paper is to find the optimal placement of the strain gauge and accelerometer
on the tower. Many research results in this area can be found. Much of this work is related to the control problems of a huge
flexible structure [10,11]. Various optimization algorithms are applied to determine the best locations for sensor
installation. A performance index such as maximization of the measurement resolution or accuracy of displacement of the
node of interest in the flexible structure is chosen for this problem [11]. The minimum number of strain measurements and
strain sensor placements to optimally reconstruct modal shapes of a cantilevered beam is found [12]. The strain gauge
location and orientation are determined in order to extract vibration states of a disk drive suspension and to feedback this
information for active vibration control [13]. In this research, a numeric search algorithm which maximizes the maximum
singular value of the observability grammian of the suspension dynamics is developed. The strain gauge and accelerometer
locations on the tower are chosen such that the sum of the diagonal elements of the error covariance matrix in Kalman
filtering is minimized in this paper.

To verify a proposed algorithm, a small-scale experimental apparatus is made. This consists of a one-meter-long rod and
a 10 kg concentrated tip mass, which represent a wind turbine tower and a nacelle. Mode shapes of the tower deformation
are determined by FEM analysis and integrated with the estimator dynamics of the nacelle movement. The laboratory-scale
experimental results on applying the Kalman filter to this laboratory-scale experimental device are introduced.

2. Estimator dynamic model

With the coordinate system of Fig. 1, the deflection of a wind turbine tower in the direction of the wind can be described
by the approximation

yðx; tÞ ¼
Xn

i¼1

fiðxÞqiðtÞ, (3)

where fi(x) is the ith mode shape function, qi(t) the generalized coordinate, x the displacement from the ground.
The mode shape functions can be obtained from FEM analysis. If there are l accelerometers to measure tower

acceleration, then the following relationship holds:
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€yðx1; tÞ
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where xi is the distance of ith accelerometer installation from the tower root, €yðxi; tÞ the acceleration at x ¼ xi.
If we assume the state vector as x ¼ ½ q _q �T and lZn, the above relation can be represented by using the state space

form of

_x ¼
0 In

0 0
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fT
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Þ
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( )
ð €Y þ xÞ ¼ Axþ Buþ Bx, (5)

where x is the accelerometer noise vector and u ¼ €Y .
With the assumption of m-strain-gauge installation, the measurement equation is given as

v ¼ kAMPVSSg
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(6)

where xi is the distance of ith strain gauge installation from tower root, e(xi, t) the strain of tower’s outer surface at xi, RT the
outer radius of tower, KAMP the strain gauge AMP gain, Sg the strain gauge factor, Vs the strain gauge supply voltage and Z
the noise vector of strain gauge measurement.
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