
Flow sensing
Estimation of the flow conditions

using an Extended Kalman Filter [3]

Central pattern generators
Neural oscillators [5] generating 

basic coordinated patterns modulated 
by the neural network

Trained neural network
Neural network choosing the actions 
depending on the flow conditions,

trained using reinforcement learning [4]

Wind turbine
Training of the controller with BEM

Assessment of the controller
performances with LES & lifting lines [6]

Human locomation: 
‣ rhythmic motion
‣ ability to adapt to environmental conditions

→ Bio-inspired individual pitch controller [2]

‣ Providing the neural network with local velocity information 
‣ Adding oscillators with higher harmonics of the rotation frequency
‣Made possible by flexibility of the bio-inspired IPC
‣ Further load alleviation expected with smooth pitch commands
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2.2.1. Flow sensing The first block of the control scheme is the flow sensing module and consists
in using the wind turbine blades as sensors of the flow. It relies on an Extended Kalman Filter
to estimate a linear approximation of the instantaneous velocity field upstream of the rotor

V (x = xrotor, y, z) = U + �y + �z, (3)

where x, y and z and respectively the streamwise, vertical and transverse directions. The
estimation is made from the measurement of the flapwise bending moments experienced by each
blade, MFn1,2,3 , in the fashion of [4]. To do so, the filter is provided with a model of the physical
system, namely Blade Element Momentum theory (BEM), that expresses the bending moments
as a function of the velocity field. From a first guess of the velocity field parameters U , �, �,
the filter uses the BEM to compute the bending moments that should be a↵ecting the blades,
MF ⇤

n1,2,3
, given the knowledge of the operating settings (the blade azimuth ✓, the blade pitch

� and the rotation speed !). These estimated bending moments, MF ⇤
n1,2,3

, are then compared
to the measured ones, MFn1,2,3 , and the estimation of the upstream velocity field is updated
accordingly.

2.2.2. Central pattern generators The pitch angles are computed by central pattern generators
in the last block of the control scheme. CPGs are classically modelled by means of neural
oscillators and are used to produce coordinated patterns. In this work, the CPGs take the form
of a system of three oscillators (i = 1, 2, 3), inspired by Crepsi [5], and implemented as follows:
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�i = x + a cos (✓i + p) , x + a cos ('i) . (7)

The patterns of the individual pitch angles �1,2,3 are computed from three internal variables: a
and x are respectively the amplitude and o↵set of the oscillations, p stands for the phase shift
between the azimuthal position of the blade ✓i and the phase of the oscillators 'i (Fig. 2).
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Figure 2. Central pattern generators: parameters definition.

Equations 4 to 6 are those of second order systems whose responsiveness is characterized by
the positive gains kp, ka and kx. The internal variables smoothly converge to the target values

‣ Limited range of actions for the controller
‣ Learns how to reduce fatigue loads
‣ Further load alleviation by [1] so far,

but smoother commands for bio-inspired IPC
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2.2.1. Flow sensing The first block of the control scheme is the flow sensing module and consists
in using the wind turbine blades as sensors of the flow. It relies on an Extended Kalman Filter
to estimate a linear approximation of the instantaneous velocity field upstream of the rotor

V (x = xrotor, y, z) = U + �y + �z, (3)

where x, y and z and respectively the streamwise, vertical and transverse directions. The
estimation is made from the measurement of the flapwise bending moments experienced by each
blade, MFn1,2,3 , in the fashion of [4]. To do so, the filter is provided with a model of the physical
system, namely Blade Element Momentum theory (BEM), that expresses the bending moments
as a function of the velocity field. From a first guess of the velocity field parameters U , �, �,
the filter uses the BEM to compute the bending moments that should be a↵ecting the blades,
MF ⇤

n1,2,3
, given the knowledge of the operating settings (the blade azimuth ✓, the blade pitch

� and the rotation speed !). These estimated bending moments, MF ⇤
n1,2,3

, are then compared
to the measured ones, MFn1,2,3 , and the estimation of the upstream velocity field is updated
accordingly.

2.2.2. Central pattern generators The pitch angles are computed by central pattern generators
in the last block of the control scheme. CPGs are classically modelled by means of neural
oscillators and are used to produce coordinated patterns. In this work, the CPGs take the form
of a system of three oscillators (i = 1, 2, 3), inspired by Crepsi [5], and implemented as follows:
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◆
(6)

�i = x + a cos (✓i + p) , x + a cos ('i) . (7)

The patterns of the individual pitch angles �1,2,3 are computed from three internal variables: a
and x are respectively the amplitude and o↵set of the oscillations, p stands for the phase shift
between the azimuthal position of the blade ✓i and the phase of the oscillators 'i (Fig. 2).
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Equations 4 to 6 are those of second order systems whose responsiveness is characterized by
the positive gains kp, ka and kx. The internal variables smoothly converge to the target values

2.2.1. Flow sensing The first block of the control scheme is the flow sensing module and consists
in using the wind turbine blades as sensors of the flow. It relies on an Extended Kalman Filter
to estimate a linear approximation of the instantaneous velocity field upstream of the rotor

V (x = xrotor, y, z) = U + �y + �z, (3)

where x, y and z and respectively the streamwise, vertical and transverse directions. The
estimation is made from the measurement of the flapwise bending moments experienced by each
blade, MFn1,2,3 , in the fashion of [4]. To do so, the filter is provided with a model of the physical
system, namely Blade Element Momentum theory (BEM), that expresses the bending moments
as a function of the velocity field. From a first guess of the velocity field parameters U , �, �,
the filter uses the BEM to compute the bending moments that should be a↵ecting the blades,
MF ⇤

n1,2,3
, given the knowledge of the operating settings (the blade azimuth ✓, the blade pitch

� and the rotation speed !). These estimated bending moments, MF ⇤
n1,2,3

, are then compared
to the measured ones, MFn1,2,3 , and the estimation of the upstream velocity field is updated
accordingly.

2.2.2. Central pattern generators The pitch angles are computed by central pattern generators
in the last block of the control scheme. CPGs are classically modelled by means of neural
oscillators and are used to produce coordinated patterns. In this work, the CPGs take the form
of a system of three oscillators (i = 1, 2, 3), inspired by Crepsi [5], and implemented as follows:
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The patterns of the individual pitch angles �1,2,3 are computed from three internal variables: a
and x are respectively the amplitude and o↵set of the oscillations, p stands for the phase shift
between the azimuthal position of the blade ✓i and the phase of the oscillators 'i (Fig. 2).
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Figure 2. Central pattern generators: parameters definition.

Equations 4 to 6 are those of second order systems whose responsiveness is characterized by
the positive gains kp, ka and kx. The internal variables smoothly converge to the target values
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→ Determination of flow conditions using blade as sensors
→ Separation of high-level tasks and low-level ones
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𝑀./0 [2] = 2.54 𝑀𝑁𝑚 𝑀./0 [2] = 1.40 𝑀𝑁𝑚NO IPC IPC
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Assessement of the load alleviation capability of the bio-inspired 
IPC with LES of the NREL 5MW in a turbulent and sheared inflow


