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To maximize wind power extraction, a variable speed wind turbine (VSWT) should
operate as close as possible to its optimal power coefficient. The generator torque is used
as a control input to improve wind energy capture by forcing the wind turbine (WT) to
stay close to the maximum energy point. In general, current control techniques do not
take into account the dynamical and stochastic aspect of both turbine and wind, leading to
significant power losses. In addition, they are not robust with respect to disturbances. In
order to address these weaknesses, a nonlinear approach, without wind speed measurement
for VSWT control is proposed. Nonlinear static and dynamic state feedback controllers
with wind speed estimator are then derived. The controllers were tested with a WT math-
ematical model, and are validated with an aeroelastic wind turbine simulator in presence
of disturbances and measurement noise. The results have shown better performance in
comparison with existing controllers.

Nomenclature

v Wind speed, m · s−1

ρ Air density, kg ·m3

R Rotor radius, m
Pa Aerodynamic power, W
Paopt Optimal aerodynamic power, W
Ta Aerodynamic torque, N·m
λ Tip speed ratio
β Pitch angle, deg
λopt Optimal tip speed ratio
βopt Optimal pitch angle, deg
Cp Power coefficient
Cq Torque coefficient
ωr Rotor speed, rad·s−1

ωg Generator speed, rad·s−1

Tem Generator (electromagnetic) torque, N·m
Tg Generator torque in the rotor side, N·m
Tls Low speed shaft torque, N·m
Ths High speed shaft torque, N·m
Jr Rotor inertia, kg·m2.
Jg Generator inertia, kg·m2.
Jt Turbine total inertia, kg·m2.
Kr Rotor external damping, N·m· rad−1· s.
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Kg Generator external damping, N·m· rad−1
· s.

Kt Turbine total external damping, N·m· rad−1
· s.

Kls Low speed shaft damping, N·m· rad−1
· s.

Bls Low speed shaft stiffness, N·m·rad−1.
ng Gearbox ratio.
Pa Aerodynamic power, W.
Pe Electrical power, W.

I. Introduction

V
ariable-speed wind turbines have received a great deal of attention in recent years.1 These turbines
offer several advantages over constant-speed turbines. By operating over a broad range of wind speed,

they are capable of greater energy capture. Structural loads can be reduced with variable-speed operation,
and the significant power excursions common to constant-speed turbines are avoided. However, sophisticated
control algorithms are necessary for variable-speed wind turbines to be profitable and reliable.
Variable-speed wind turbines operate in two primary regimes, below-rated power and above-rated power.
When power production is below the rated power for the machine, the turbine operates at variable rotor
speeds to capture the maximum amount of energy available in the wind. Generator torque provides the
control input to vary the rotor speed, and the blade pitch angle is held constant. At rated power, the
primary objective is maintaining constant, rated power output. This is generally achieved by holding the
generator torque constant and varying the blade pitch angle. In both control regimes, the turbine response
to transient loads must be minimized. This study focuses on control algorithms designed for the below-rated
power operating regime.

Several wind turbine controllers have been proposed for the variable-speed operating regime. Ref.2 de-
fines the control objective as achieving optimal rotational speed tracking while rejecting fast wind speed
variations and avoiding significant control efforts that induce undesirable torques and forces on the wind
turbine structure. Several control strategies have been proposed in the literature primarily based on Linear
Time-Invariant (LTI) models. Classical controllers have also been used extensively. Optimal control has been
applied in the Linear Quadratic (LQ),3,4 and Linear Quadratic Gaussian (LQG),54 forms. Robust control
was introduced in Ref.6-.7 More recently, some non-linear control laws have been proposed,8 and adaptive
control has also been studied.9 However, as mentioned in reference,2 the drawbacks of these methods re-
main in the fact that nonlinear characteristics of the WT aerodynamics and structural behavior as well as
the stochastic nature of the wind are not taken into consideration. In fact, by assuming the wind turbine
operating in steady state conditions, the dynamic equations governing the WT behavior are not considered.
Also, these papers assume that the WT operates on its optimal power curve to simplify the control laws
synthesis. Because of the variability in the wind, the WT deviates significantly from the optimal power
curve. Consequently the assumption of steady-state operation is not valid. Many of these investigations
also required a measurement of the wind speed, which is generally obtained with a single anemometer. This
single-point measurement does not adequately describe the full-field turbulent inflow that impinges upon the
rotor. Also, this signal is generally averaged, but the control law is based upon an instantaneous value.

The objective of this paper is to demonstrate the feasibility of robust nonlinear controllers that take into
consideration the dynamic aspect of the wind speed variation and the wind turbine response without need
of wind speed measurements. The following section provides a brief description of WT model requirements.
A simplified mathematical model is derived, and a complicated aeroelastic simulation is described. The
control objectives of this work are specified, and existing control techniques are summarized. Section III
describes the aerodynamic torque and wind speed estimator used in the proposed nonlinear state feedback
controllers. The estimated aerodynamic torque and wind speed are obtained from noisy measurements of
the rotor speed and the generator torque. The nonlinear feedback controllers are presented in Section IV.
The dynamic state feedback controller with asymptotic rotor speed reference tracking combined with the
estimator is shown to meet the required specifications in spite of the presence of a constant disturbance
and measurement noise. Finally, Section V compares the performance results of the nonlinear feedback
controllers with other controllers in the literature.
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II. Wind Turbine Modelling

A. Model description

A wind turbine transforms part of the kinetic energy in the wind into electrical power. Wind turbine simula-
tion complexity varies greatly depending upon the objectives of each one. Aeroelastic simulators are used to
verify dynamic loads and interaction of the components of these large flexible structures. The combination
of aerodynamic loading and dynamic response of multiple components requires complex simulators. Many
efforts have been dedicated to the study of aeroelasticity and structural dynamics, and these efforts have
produced wind turbine simulators that provide good predictions of loads and performance.
However, the complexity of such models is unnecessary for controller design. Consequently, simplified en-
gineering models must be developed for control design. These models are simpler and easier to manage.
They are generally described by a set of nonlinear ordinary differential equations that describe limited de-
grees of freedom of the wind turbine. The aerodynamic loads in these models are generally computed with
semi-empirical models. These simplified fluid flow dynamics may lead to inaccurate results under certain
conditions, particularly near and beyond stall. In this work, a simplified mathematical model is used for
control law synthesis. Once the controllers are tested on this model, a complex aeroelastic simulator is used
for validation of the controllers.

B. System modelling

r
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ls
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em
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r
ω

g
ω

Figure 1. Wind turbine dynamics.

A variable-speed wind turbine generally consists of an aerotur-
bine, a gearbox, and a generator, as shown in Fig. 1). The
aerodynamic power captured by the rotor is given by the non
linear expression

Pa =
1

2
ρπR2Cp(λ, β)v

3 (1)

where ωr is the rotor speed; R is the rotor radius; and ρ is the
air density.
The power extracted from the wind, Pa, is proportional to the
cube of the wind speed v. The power coefficient, Cp, depends
on the blade pitch angle, β, and the tip-speed ratio, λ, which
is defined as the ratio between the linear blade tip speed and
the wind speed v.

λ =
ωrR

v
(2)

Thus, any change in the rotor speed or the wind speed induces change in the tip-speed ratio leading to power
coefficient variation. In this way, the generated power is affected. The aerodynamic torque coefficient is
related to the power coefficient as follows. Using the relationship.

Pa = ωrTa (3)

the aerodynamic torque expression is then

Ta =
1

2
ρπR3Cq(λ, β)v

2 (4)

where

Cq(λ, β) =
Cp(λ, β)

λ

Power and torque coefficient surfaces for the wind turbine considered in this study are shown in Figure 2.
These surfaces are obtained using blade-element moment theory implemented in a wind turbine performance
code, WT-PERF,10 developed by NREL. These surfaces are implemented in the mathematical model as
look-up tables.
The dynamic response of the rotor driven at a speed ωr by the aerodynamic torque Ta is shown to be

Jrω̇r = Ta − Tls − Krωr (5)
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Figure 2. Aerodynamic power and torque coefficients curves.

The low-speed shaft torque Tls acts as braking torque on the rotor (See Figure 1). It results from the torsion
and friction effects due to the difference between ωr and ωls

Tls = Bls(θr − θls) +Kls(ωr − ωls) (6)

The generator is driven by the high speed shaft torque Ths and braked by the generator electromagnetic
torque Tem.

Jgω̇g = Ths − Kgωg − Tem (7)

Assuming an ideal gearbox with transmission ratio ng, we have

ng =
Tls

Ths

=
ωg

ωls

(8)

Transferring the generator dynamics to the low speed side and using Eq. (7) and Eq. (8), the generator
dynamics can be written as

n2

gJgω̇g = Tls − (n2

gKg)ωg − ngTem (9)

If a perfectly rigid low-speed shaft is assumed, a single mass model of the turbine may then be considered

Jtω̇r = Ta − Ktωr − Tg (10)

where

Jt = Jr + n2

gJg

Kt = Kr + n2

gKg

Tg = ngTem

C. Simulator description

The Fatigue, Aerodynamics, Structures and Turbulence (FAST) code developed by NREL is an aeroelastic
WT simulator that is capable of modeling two- and three-bladed propeller-type machines. This code is used
by WT designers to predict both extreme and fatigue loads. It uses an assumed mode method to model
flexible blades and tower components. Other components are modelled as rigid bodies. Because this study
focused on low wind conditions, flexibility in the tower and blades were neglected. In this study, three
degrees-of-freedom (DOFs) are simulated: the variable generator and rotor speed (2 DOFs) and the blade
teeter DOF. The variable generator and rotor speed DOFs account for the variations in generator speed and
the drive train flexibility associated with torsional motion between the generator and hub/rotor. The blade
teetering DOF accounts for the teeter motion induced by asymmetric wind loads across the rotor plane.
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D. Control objectives

The Cp(λ, β) curve in Eq. (1) is specific for each wind turbine. It has a unique maximum Cpopt
at a single

point
Cp(λopt, βopt) = Cpopt

(11)

that corresponds to maximum power production in below-rated power conditions. To maximize wind power
extraction, the blade pitch angle, β, is fixed to the optimal value, βopt, and the WT should continuously
operate at the optimal tip-speed ratio, λopt. For a given wind speed, v, in order to maintain λ at its optimal
value, the rotor speed must be adjusted using generator torque to track the reference ωropt

that has the same
shape as wind speed, since they are proportional.

ωropt
=

λopt

R
v (12)

Hence, in the partial load area, the WT is a single-input, single-output (SISO) system. The control input is
the generator torque referenced to the low-speed side of the gearbox. The system output to be controlled is
the rotor speed, ωr, and the control problem is the tracking of an optimal rotor speed reference, ωropt

, that
ensures maximum wind power capture.

E. Baseline control strategies

In order to make a comparison between the proposed controllers and existing controllers, a brief description
of two well-known control techniques is given here. In Ref.,11 an Aerodynamic Torque Feed Forward (ATF)
controller is described. The aerodynamic torque and the rotor speed are estimated using a Kalman Filter.
The estimated aerodynamic torque is fed into the generator reference torque. Ref.11 mentions that since
the tracked wind speed constantly changes, there is no need for eliminating the steady-state error with an
integral term in the control law. Therefore a proportional control law is used.

Tg = Kc(ωref − ω̂r) + T̂a − Ktω̂r (13)

where

ωref =

√

T̂a

kopt

(14)

with

kopt =
ρ

2
πR5Cpopt

1

λ3
opt

The control scheme is shown in Figure 3.

Figure 3. ATF control scheme.
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In duplicating the ATF model for this study, during simulation with a wind speed step, we find that
a steady state error remains particularly in the presence of disturbances. The values of kopt and Cpopt

are
generally obtained by the control engineer from performance models such as those used to determine the
surfaces in Fig. 2. Since kopt is proportional to Cpopt

, when the simulated value of kopt is different from the
turbine’s actual one, steady-state operation will occur at a value of Cpopt

that is not the real system’s best
operating point.12 The problem with uncertainty of Cpopt

has not been considered in this work. However,
it becomes important for experimentation on real machines. An additional drawback of this technique is
the assumption that the WT operates close to the optimal rotor speed, ωref , which is obtained by setting
Ta = Taopt

. The difference between ωropt
and ωref induces significant power losses during the transitions.

Therefore, a more precise value of ωref is needed.
Ref13 shows that a wind turbine is locally stable to any equilibrium operating point on the optimal aerody-
namic efficiency curve. One can maintain Ta on this curve by choosing a control torque Tg that tracks the
same value rather than tracking wind speed variations

Tg = koptω
2

r − Ktωr (15)

This method is known as the Indirect Speed Control (ISC) technique. Fig. 4 shows the ISC control scheme. In
constant wind speeds, the ISC controller will achieve the tip-speed ratio for optimum operation. However in
varying wind, the inertia of the rotor prevents continuous operation at Cpopt

.14 Nevertheless, the transitions
during fast wind speed variations result in power losses. Additionally, the control strategy is not robust with
respect to measurement noise and disturbances.

kopt

^2

Kt

-

+

ωr

Tg

v

Wind

Turbine

Figure 4. ISC control scheme.

In summary, the control techniques described above show two main drawbacks: on the one hand, they
do not take into consideration the dynamic aspect of the wind and the turbine; on the other hand, they
are not robust with respect to measurement noise and disturbances. In order to address these weaknesses,
a nonlinear dynamic state feedback controller with a wind speed estimator will be presented. Furthermore,
this structure allows the rejection of disturbances acting on the control torque Tg.

III. Estimation of wind speed and aerodynamic torque

The wind speed, v, that appears in the aerodynamic torque and power expression of Eq. (1) and Eq.
(4) is actually a kind of spatial average of the three-dimensional wind field that impinges upon the rotor
blades. The wind speed field varies over the disc swept by the rotor,15 it is then impossible to represent this
one by a unique measure. In practice, the wind speed measured by an anemometer does not represent the
effective wind speed v. The rotor effective wind speed is defined as a single point wind speed signal which will
cause torque variations through thrust and torque coefficients that will be stochastically equivalent to those
calculated with blade element theory in a turbulent wind field.16 Aiming to obtain a more representative
value of v and to control the wind turbine without using an anemometer signal, we use the wind turbine as
a measurement device. We do this in two steps: estimation of the aerodynamic torque and deduction of the
wind speed.
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A. Aerodynamic torque estimation

A Kalman filter is used to estimate aerodynamic torque Ta by appending it as an additional state. The
dynamics for this state are driven by white noise

[

ω̇r

Ṫa

]

=

[

−

Kt

Jt

1

Jt

0 0

][

ωr

Ta

]

+

[

−

1

Jt

0

]

Tg +

[

0

1

]

ξ

y = ωr + ζ

(16)

ξ is the process noise and ζ the measurement noise. They are a centered white, non correlated, Gaussian
noise. Ref.17 proves that if the state noise variance is non-zero, the Kalman estimator corresponding to
the system in Eq. (16) is convergent. In this Kalman filter approach, the estimated state is not exploited

to deduce the optimal reference speed ωropt
. Rather, the estimated state

[

ω̂r , T̂a

]t

is used to obtain an

estimate of the effective wind speed, v̂, from which the optimal rotor speed is derived. Moreover, as the
rotor speed measurement is disturbed, it is preferable to use its estimate in the control laws.

B. Wind speed estimation

The aerodynamic torque depends nonlinearly on the rotor speed ωr and also on the wind speed v. The
effective wind speed v is related to Ta through the expression for aerodynamic torque when the pitch angle
is held at its optimal value.

Ta =
1

2
ρπR3Cq(λ)v

2 (17)

where
Cq(λ) = Cq(λ, βopt)

Using Eq. (17) and the estimated aerodynamic torque and rotor speed obtained in Eq. (16), the estimate of
wind speed, v̂, is found by solving the following algebraic equation.

T̂a −

1

2
ρπR3Cq

(

ω̂rR

v̂

)

v̂2 = 0 (18)

In order to use numerical algorithms for solving Eq. (18), an analytic expression of Cq(λ) is needed. Because
it is given through a look-up table, Cq is approximated by a polynomial in λ.

Cq(λ) =

n
∑

i=0

aiλ
i

Eq. (18) is finally solved using the Newton algorithm. Because this equation has a unique solution in the
below rated power operating regime, the convergence of the algorithms is achieved after only a few iterations.
Having v̂, the estimated optimal rotor speed, ω̂ropt

is thus

ω̂ropt
=

λoptv̂

R
(19)

It is important to note that estimation of ωropt
does require a good estimate of the wind speed. This

estimator is then used to design nonlinear control laws for optimal rotor speed tracking of ωropt
to improve

the aerodynamic efficiency while reducing the drive train transient loads.

IV. Nonlinear State Feedback Control with Estimator

A. Nonlinear static state feedback control with estimator

The nonlinear behavior of the WT described by Eq. (10) is linearized using the aerodynamic torque estimate
T̂a.
By imposing the following control torque,

Tg = Jt

[

T̂a

Jt

−

Kt

Jt

ωr − w

]

(20)
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w is the new input of the linearized system. Eq. (10) simplifies to

ω̇r = w (21)

A first order dynamic response is selected for the rotor speed tracking error ε̂.

˙̂ε+ a0ε̂ = 0 (22)

where
ε̂ = ω̂opt − ω̂r (23)

From Eq. (21) and (22), the new input w is obtained

w = ˙̂ωropt
+ a0(ω̂ropt

− ω̂r) (24)

By substituting Eq. (24) of w in (20), the generator torque Tg is thus

Tg = T̂a − Ktω̂r − Jta0ε̂ − Jt
˙̂ωtopt

(25)

This technique has been shown to lack robustness with respect to perturbations,18 so a nonlinear dynamic
state feedback controller is developed next.

B. Nonlinear dynamic state feedback control with estimator

Higher order dynamic response of the tracking error can be imposed to produce a dynamic state feedback
controller. Assuming a constant disturbance d acting on the wind turbine, Eq. (10) becomes

Jtω̇r = Ta − Ktωr − Tg + d (26)

The disturbance may represent an unmodeled or unknown phenomenon which affects the WT behavior, e.g.
solid friction. Taking the time derivative of Eq. (26), we get

Jtω̈r = Ṫa − Ktω̇r − Ṫg (27)

As in the nonlinear static state feedback controller, the control torque

Ṫg =
1

Jt

[

˙̂
Ta

Jt

−

Kt

Jt

˙̂ωr − w

]

(28)

results in a linear system with a new input, w. Substituting Eq. (28) into Eq. (10) results in

ω̈r = w (29)

We now choose a second order differential equation to govern the tracking error ε̂

¨̂ε+ b1 ˙̂ε+ b0ε̂ = 0 (30)

Substituting Eqs. (23) and (29) into Eq. (30) produces

w = ¨̂ωropt
+ b1( ˙̂ωropt

−
˙̂ωr) + b0(ω̂ropt

− ω̂r) (31)

and finally the generator torque dynamics are given by

Ṫg =
˙̂
Ta − Kt

˙̂ωr − Jt
¨̂ωopt − Jtb1 ˙̂ε − Jtb0ε̂ (32)
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Figure 5. Nonlinear dynamic state feedback with estimator controller scheme.

A diagram of the dynamic state feedback controller with wind speed estimator is shown in Fig. 5. All
the time derivatives that appear in the generator torque expressions, Eq. (25) and (32) are obtained using
approximated filtered derivatives. Very fast dynamics will lead to wind speed turbulence tracking, but large
control loads will also occur. So the dynamic response must be designed to track the average wind speed
over short time intervals. This decreases the rapid variations in generator torque, which is beneficial. Very
quick changes in Tg are not desirable.

V. VALIDATION RESULTS

The numerical simulations were performed on a wind turbine whose characteristics are given in Table 1.
These parameters correspond to the Controls Advanced Research Turbine (CART) which is located at
NREL’s National Wind Technology Center near Boulder, CO. The CART is a variable-speed, variable pitch
WT with a nominal power rating of 600 kW and a hub height of 36m. It is a 43-m diameter, 2-bladed,
teetered hub machine. The gearbox is connected to an induction generator via the high-speed shaft, and the
generator is connected to the grid via power electronics. This turbine was modelled with the mathematical
model and the FAST aeroelastic simulator for comparison.
The wind inflow for the simulations consists of one 10-minute data set of full-field turbulent wind. Fig. 6
illustrates the hub-height wind speed variation. This turbulent wind data was generated using the Class
A Kaimal turbulence spectra. It has a mean value of 7m/s at the hub height and a turbulence intensity
of 25%. Using this excitation, each of the four controllers discussed are compared for energy capture and
transient load reduction.
As mentioned in Section II.D, the control objective is to maximize the captured energy from the wind while
limiting the transient loads experienced by the turbine. For this study, the low-speed shaft torsion was
minimized, which is equivalent to reducing the variance of the high-speed shaft torsional moment. The
constraints on the generator torque and the rotor speed of 162 kN.m and 58 rpm, respectively, were also
observed.

Table 1. Wind turbine characteristics

Rotor diameter 43.3 m

gearbox ratio 43.165

Hub height 36.6 m

Generator system electrical power 600 kW

Maximum rotor torque 162 KN.m
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A. Using the mathematical model

First, the performance of the nonlinear dynamic state feedback controller (32) is verified using the mathe-
matical model. An additive measurement noise on ωr has been introduced. This is a band-limited, white
noise obtained by using a normally distributed random number generator in series with a zero-order hold.
This method approximates an ideal centered white Gaussian noise. The Signal to Noise Ratio (SNR) is
approximately 7 dB. In addition, a constant, additive disturbance d of 10 kN.m on the control torque Tg has
also been introduced.
Fig. 7(a) shows that the rotor speed ωr tracks the mean tendency of the optimal rotational speed ωropt

without tracking the turbulent component. The difference between the rotor speed and its optimal reference
is most evident during the start-up transient. Fig. 8(a) shows acceptable control loads where the commanded
torque does not exceed the design maximum of 162 kN.m. The generator torque remains smooth and induces
low frequency variations in the generator currents. These are good conditions for electrical devices.

B. Validation using FAST

The nonlinear dynamic state feedback controller was implemented using the FAST wind turbine dynamic
simulation. Fig. 7(b) shows that the rotor speed variations remain smooth while tracking the mean tendency
of the optimal rotational speed. Similarly to the mathematical model, the differences between the optimal ro-
tor speed reference and rotor speed occur during the start-up transient. Although the generator torque from
the FAST model (Fig. 8(b)) is greater than that obtained with the mathematical model, it remains below
the maximum acceptable value. The nonlinear dynamic state feedback controller with estimator (NDSFE)
ensures the rejection of the disturbance on the control torque. The Kalman filter used with the Newton
algorithm provides a good estimate of the wind speed through the aerodynamic torque estimate and rotor
speed estimate even with the noisy measurements of ωr and Tg.
Fig. 10-12 compare the performance obtained using the nonlinear static and the nonlinear dynamic state
feedback controllers. In Fig. 10, the nonlinear static state feedback controller (25) is unable to reject the
unknown disturbance applied to the control input. This is the source of the deviation of the rotor speed
from its optimal reference between 300 and 400 s. Conversely, the nonlinear dynamic state feedback con-
troller (32) succeeded in keeping the rotor speed in the neighborhood of the optimal reference speed in spite
of the presence of the disturbance. Fig. 11 shows the additional control torque demanded by the NDSFE
controller to reject the additive disturbance. The control torque still remains below the upper bound, though.
Fig. 12 shows that this disturbance rejection results in increased energy capture for the NDSFE controller
as compared to the nonlinear static state feedback controller.
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Figure 7. Nonlinear dynamic state feedback control, with estimator: Rotor speed responses
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Figure 8. Nonlinear dynamic state feedback control, with estimator: Generator torque responses
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Figure 9. Nonlinear dynamic state feedback controller, with estimator: Wind turbine power
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Figure 13. Electrical power and low speed shaft torque using the different control strategies

These new controllers are compared with the two baseline controllers described in Section E. The
simulations were conducted with the FAST model with the same operating conditions, disturbance, and
measurement noise. The performance differences are illustrated in Fig. 13 and tabulated in Table 2. The
power capture efficiency is defined as the ratio between the energy captured during the simulation and the
maximum amount of energy available if the turbine could operate at its optimal power coefficient.

Efficiency =

∫ tfin

tini

Pedt

∫ tfin

tini

Paopt
dt

(33)

where

Paopt
=

1

2
ρπR2Cpopt

v3 (34)

and Pe is the electrical power. Fig. 13(a) shows that the produced electric power using the NDSFE controller
is greater than that of the other controllers. In the time interval from 300 to 400 s the effect of the disturbance
is evident. The ISC, NSSFE, and ATF controllers do not reject the disturbance and therefore power is lost.
However, the NDSFE controller does reject the disturbance capturing energy during this period. The low-
speed shaft torque oscillations tend to be reduced during this period for the NDSFE controller as shown
in Fig. 13(b). The NDSFE controller achieves a 10% increase in efficiency over the ISC controller with a
decrease of 1.14 kN.m on the standard deviation of the low-speed shaft torque.

Table 2. Comparison of the different control strategies

Efficiency [%]
Ths standard

deviation [kN.m]

max(Tg)

[kN.m]

ISC 51.79 12.73 112.34

NSSFE 61.23 11.87 70.70

ATF 63.43 13.19 76.99

NDSFE 69.96 11.59 70.90
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VI. CONCLUSION

For a variable-speed wind turbine, the primary control objective below rated power is to extract the max-
imum amount of energy from the wind. The control authority, however, must not exceed design constraints
and must not introduce excessive transient loads. Many existing control techniques assume the wind and the
turbine operate in steady-state conditions. Consequently, significant power losses occur due to wind speed
variability. Controllers based on nonlinear static and dynamic state feedback linearization with asymptotic
rotor speed reference tracking were proposed. With the aim of accounting for the wind turbine nonlinear
aerodynamic characteristics as well as the stochastic nature of the wind, an aerodynamic torque and wind
speed estimator was developed. These controllers were compared to standard controllers using an aeroelastic
wind turbine simulator. The nonlinear dynamic state feedback with estimator controller demonstrated the
ability to reject a disturbance and operate with measurement noise. In so doing, this controller extracted
more power than the other controllers. This study has produced satisfactory results demonstrating the
efficiency improvement capability of the new controllers.
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