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Abstract: In this paper, robust adaptive control is designed for pitch and torque control of the
wind turbines operating under turbulent wind conditions. The dynamics of the wind turbine are
formulated by considering the five degrees of freedom system (rotor angle, gearbox angle, generator
angle, flap-wise deflection of the rotor blade, and axial displacement of the nacelle). The controller is
designed to maintain the rotor speed, maximize the aerodynamic efficiency of the wind turbine, and
reduce the loads due to high wind speeds. Gaussian probability distribution function is used for
approximating the wind speed, which is given as the disturbance input to the plant. The adaptive
control algorithm is implemented to 2 MW and 5 MW wind turbines to test the robustness of the
controller for varying parameters. The simulation is carried out using MATLAB/Simulink for three
cases, namely pitch control, torque control, and the combined case. A case study is done to validate
the proposed adaptive control using real wind speed data. In all the cases, the results indicate that
the rotor speed follows the reference speed and show that the designed controller gives a satisfactory
performance under varying operating conditions and parameter variations.

Keywords: wind turbine; pitch control; torque control; adaptive control; rotor angular speed

1. Introduction

Wind energy has tremendous potential for supplying electricity to the grid without high
investments. However, the variability and the intermittency of wind increase the difficulties of
power extraction control [1]. Different wind turbine configurations have been investigated with the
purpose of maximizing power extraction—synchronous or asynchronous generators as well as stall
and pitch-controlled systems—with the aim of controlling variable rotor angular speed. Maximum
power extraction could be obtained by varying the rotor angular velocity for variable wind conditions.
Considering the relation between power and generator angular velocity for a wind turbine at different
wind speed conditions, it could be stated that, as the wind speed changes, the generator angular
velocity should adapt to these changes to get the maximum power extraction. This parameter
regulation is usually performed by a proportional-integral-derivative (PID) controller. However, as the
system dynamics are completely non-linear, the PID response should be adapted for every operating
condition [2]. The fuzzy logic controller could provide parameter variation according to different
operating conditions; however, it does not assure optimization of the response [3]. Different control
methods have been used to solve this parameter uncertainty problem, such as digital robust control [4],
linear parameter varying control [5], nonlinear proportional-integral (PI) control [6], and nonlinear
model predictive control [7]. However, an adaptive controller could make a random guess of the
uncertain plant parameters, allowing adjustment of the controller parameters based on the information
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estimated from the model. Hence, an adaptive controller is highly recommended for adjusting plant
parameters on systems with extremely non-linear dynamics.

In [8], an adaptive control algorithm was developed for estimation of the wind turbine plant
parameters as the wind conditions fluctuate. Feedback linearization procedures utilize these parameters
to suppress the non-linearity of the plant. The controller algorithm was tested in MATLAB Simulink;
the simulation provided satisfying results on ensuring maximum energy extraction from the wind
kinetic energy. In [9], the use of a fuzzy adaptive controller was suggested to adjust the pitch angle
of the rotor blades for wind turbine regulation in order to overlook the wind turbine non-linearity
dynamics. The utilization of a self-learning controller from the type of the model reference adaptive
controller (MRAC) to minimize the effects of non-linearity caused by wind turbulence perturbations
was proposed. The self-tuning neuro-fuzzy logic attempts to generate an approximation of the inverse
plant system model with parameters that are afterward used for triggering the desired control action
to maintain the rotor speed under the required limits. Using the wind turbine induction generator
pattern available on the Simulink 7.9 toolbox, the performance of a PI controller vs. the self-learning
neuro-fuzzy controller was compared to adjust pitch angle for regulating the rotor angular velocity
under variable wind speed conditions. The authors concluded that the self-tuning fuzzy controller
performs satisfactorily under strong wind disturbances.

In [10], an algorithm was designed for the adaptive control of a variable speed variable pitch wind
turbine. An adaptive control algorithm using radial-basis-function neural networks was proposed
for various operating modes of the variable-speed variable-pitch wind turbines. Three operation
modes were considered which include torque control at low wind speeds, pitch control at higher
wind speeds and a smooth transition between these two regimes. An adaptive neural network control
approximates the nonlinear dynamics of the wind turbine based on input/output measurements and
ensures smooth tracking of the optimal tip speed ratio at various wind speeds. The neural network
weights are obtained using the Lyapunov stability analysis. Finally, the control algorithm is validated
using simulation studies on a 5 MW wind turbine. In [11], a fuzzy adaptive PID control for the pitch
system in variable speed variable pitch wind turbines was proposed. A mathematical model for the
pitch control system was developed, and a fuzzy adaptive PID controller for the pitch system with
disturbances and uncertainty was proposed. The model takes into account the dynamics of the pitch
actuator model and the drive train model. The proportional, the integral, and the derivative constants
were auto-tuned using a fuzzy controller for optimum response. Numerical simulations carried out
in Simulink were used to prove that the proposed method can achieve better control performances
than conventional pitch control strategies. Responses for PID, fuzzy, and fuzzy adaptive PID were
compared and revealed that, even though the PID controller has lower delay time and rise time, it has
oscillations with a peak overshoot, which results in damage to the system. However, the results show
that the use of fuzzy adaptive PID controller suppresses the steady state error and gives minimum
delay time, rising time, settling time, and stability.

In [12], an adaptive control program was developed to manage wind turbine pitch angle with the
aim of minimizing extreme loads and fatigue on the blades under high wind speeds or turbulence
operation conditions while maximizing the power production of the turbine. The model was tested
considering the 5 MW offshore wind turbine guidelines of the National Renewable Energy Laboratory
(NREL). Control operation was contrasted with a gain-scheduled proportional-integral (GSPI) controller
and a disturbance accommodating controller (DAC). It was shown that load minimization of the
proposed adaptive controller is comparable with the DAC performance and much better than GSPI
response to stress control. Considering the rotor speed adjustment, the adaptive controller provides
better results than the DAC. The authors showed that the proposed adaptive controller performs
effectively for controlling load propagation on the wind turbine blades while optimizing power
production by maximizing rotor angular speed.

The main objective of this paper is to design a robust adaptive controller to maximize the power
extraction from a wind turbine at various operating regions shown in Figure 1. For this purpose,
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torque control technique is proposed for wind speeds in region one (low wind speeds of range 4−8 m/s)
and region two (transition region with medium wind speeds of range 8−11 m/s), and pitch control
approach is proposed for wind speeds in region three (high wind speeds of range 11–20 m/s). In all
regions, the rotor angular velocity is controlled to maintain the optimum rotor angular speed of the
wind turbine. The switching between the regions is enabled based on the wind speed [13].
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Figure 1. Power characteristics for different operating regions of a wind turbine.

The next section describes the mathematical modeling of wind turbine dynamics. The third
section discusses the methodology used for the design of the adaptive control algorithm for managing
wind turbine performance. In the fourth and the fifth sections, the simulations are carried out in
Simulink, and results of applying the proposed adaptive control algorithm are presented. The sixth
section presents a case study to validate the proposed adaptive control algorithm using real wind
speed data. The last section summarizes the results and states the implications and the directions for
future research.

2. Wind Turbine Mathematical Modeling

The following mathematical model of the wind turbine system dynamics is based on the work
described in [14]. Table 1 shows the main parameters of the system under consideration. The model
development is done by describing the equations of motion and the transfer function of the wind
turbine dynamic system.

Table 1. Parameters index.

v upstream wind speed (m/s)

N number of blades

mt mass of tower (kg)

mn mass of nacelle (kg)

mh mass of hub (kg)

mb mass of each blade (kg)

Rb blade radius (m)

h tower height (m)
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Table 1. Cont.

dn axial displacement of the nacelle (m)

η the angular displacement of the blade (rad)

St tower stiffness coefficient (N/m)

Sb blade stiffness coefficient (N/m)

Sl low-speed shaft torsional stiffness coefficient (Nm/rad)

Sh high-speed shaft torsional stiffness coefficient (Nm/rad)

Ct tower damping coefficient (Ns/m)

Cb blade damping coefficient (Ns/m)

Cl low-speed shaft torsional damping coefficient (Nms/rad)

Ch high-speed shaft torsional damping coefficient (Nms/rad)

Jr moment of inertia of elements at ωr (rotor, blades, shaft, etc.) (kg m2)

Jg moment of inertia of elements at ωg (generator, shaft, etc.) (kg m2)

Jw equivalent moment of inertia of gearbox elements at αl (kg m2)

αr rotor angular position (rad)

αg generator angular position (rad)

αl the angular position of gearbox low-speed part (rad)

αh the angular position of gearbox high-speed part (rad)

ωr =
.
αr rotor angular speed (rad/s)

ωg =
.
αg generator angular speed (rad/s)

Twr aerodynamic torque applied by the wind on the rotor (Nm)

Tg antagonistic electrical torque applied on the shaft (Nm)

Th the torque applied to the gearbox by the high-speed shaft (Nm)

Tl the torque applied to the gearbox by the low-speed shaft (Nm)

Fw thrust force applied by the wind on the rotor (N)

Rp
distance from center of the rotor to the center of pressure, or the point where equivalent

lumped force Fw is applied

Gr gear ratio

2.1. Equations of Motion

The equations of motion that govern the wind turbine (WT) dynamics under the effect of wind
forces as a function of time are presented in this section. The differential equations that describe the
system are expressed in the matrix form. The governing differential equation that describes the whole
system could be written as:

(MM)
..
u + (CM)

.
u + (SM)u = U

( .
u, u, i, t

)
(1)

where u is the vector with the independent variables of the system, i is the input, t is the time, U
is the generalized force, MM is the matrix of inertia, CM is the dissipation matrix and SM is the
stiffness matrix.

The equations of motion could be expressed as the Euler–Lagrange equation form using the
energy-based approach. For this study, the term Ke represents the kinetic energy of the system, Pe

the potential energy, Dsn is used for the dissipation function of non-conservative forces, while Ui
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is the conservative generalized forces. L is the Lagrangian function and is defined as L = Ke − Pe.
Considering this mathematical notation, the Euler–Lagrangian equation could be expressed as:

d
dt

(
∂L
∂

.
un

)
−
∂L
∂un

+
∂Dsn
∂

.
un

= Un n = 1, 2, . . . , mdegrees o f f reedom (2)

2.2. Dynamics of a Doubly Fed Induction Generator Wind Turbine

This model considers a five degree of freedom (rotor angle (αr), gearbox angle (αl), generator
angle (αg), blade angular displacement (γ), and the nacelle axial displacement (dn))system along with
the masses of all the main elements of a wind turbine (tower, blades, rotor, gearbox, and generator).
The mechanical model considers moment of inertia of the rotor (Jr), low-speed gearbox shaft (Jb),
and generator (Jg). The low-speed part of the gearbox has a torsional absorption coefficient of Cl,
and the stiffness of the low-speed shaft could be expressed by the coefficient Sl. The gearbox ratio is
represented by Gr, and the high-speed part of the gearbox is described by the corresponding stiffness
(Ch) and the damping (Sh) coefficients.

The model presents three main inputs ( f ): the thrust force applied by the wind on the turbine (Fw),
the torque applied by the wind in the blades (Twr), and the electrical torque applied by the generator to
compensate the loads on the high-speed shaft (Tg). Two important parameters frequently used for
optimizing wind turbine performance are the yaw (ϕ) and the pitch angle (φ). The following equations
are used to describe the doubly fed induction generator (DFIG) wind turbine mechanical modeling.

• Independent variables (ui):

u = [ui] =
[
dn γ αr αg αl

]T
(3)

• Energy functions (Ke, Pe and Dsn):

The kinetic energy, the potential energy, and the dissipation function of a DFIG wind turbine can be
expressed in the following form:

Ke =
mr

2

.
dn

2
+

ms

2
(Rb

.
η+

.
dn)

2
+

Jr

2
.
αr

2
+

Jg

2
.
αg

2
+

Jw

2
.
αl

2 (4)

Pe =
St

2
dn

2 +
n
2

Sb(Rbη)
2 +

Sl
2
(αr − αl)

2 +
Sh
2
(Grαl − αg)

2 (5)

Dsn =
Ct

2

.
dn

2
+

n
2

Cb(Rb
.
η)

2
+

Cl
2
(

.
αr −

.
αl)

2
+

Ch
2
(Gr

.
αl −

.
αg)

2 (6)

where
αh = Grαl (7)
.
αh = Gr

.
αl (8)

Applying the Euler–Lagrangian approach to Equations (4)–(6) gives the following equations of
motion:

(mr + ms)
..
dn + msRb

..
η+ Stdt + Ct

.
dt = Fw (9)

msRb
..
dn + msR2

b
..
η+ nSbR2

bη+ nCbR2
b

.
η = RpFw (10)

Jr
..
αr + Srαr − Slαl + Cl

.
αr − Bl

.
αl = Twr (11)

Jg
..
αg + Shαg − ShGrαl + Ch

.
αg −ChGr

.
αl = −Tg (12)

Jw
..
αl − Slαr − ShGrαg +

(
Sl + ShG2

r

)
αl −Cl

.
αr −ChGr

.
αg +

(
Cl + ChG2

r

) .
αl = 0 (13)
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The above equations of motion from (9) to (13) can be written in matrix form as follows:
mr + ms msRb 0 0 0

msRb msRb
2 0 0 0

0 0 Jr 0 0
0 0 0 Jg 0
0 0 0 0 Jw





..
dn
..
η
..
αr
..
αg
..
αl


= (MM)

..
u (14)


Ct 0 0 0 0
0 nCbRb

2 0 0 0
0 0 Cl 0 −Cl
0 0 0 Ch −ChGr

0 0 −Cl −ShGr Cl + ChGr
2





.
dn

.
η
.
αr
.
αg
.
αl


= (CM)

.
u (15)


St 0 0 0 0
0 nSbRb

2 0 0 0
0 0 Sl 0 −Sl
0 0 0 Sh −ShGr

0 0 −Sl −ShGr Sl + ShGr
2




dn

η
αr

αg

αl


= (SM) u (16)

U =


Fw

RpFw

Twr

−Ts

0


=


1 0 0

Rp 0 0
0 1 0
0 0 −1
0 0 0




Fw

Twr

Tg

 = (RM) f (17)

Using Equation (1) and Equations (14)–(17), the following equation can be derived:

..
u = −(MM)−1 (CM)

.
u− (MM)−1 (SM) u + (MM)−1 (RM) f (18)

• State-space system description: the following vectors are established for the state-space
system representation:

State variables : x =
[

dn η αr αg αl
.
dn

.
η

.
αr

.
αg

.
αl

]T
(19)

Inputs : f =
[

Fw Twr Tg
]T

(20)

Outputs : y =
[ .

dn
.
η

.
αr

.
αg

.
αl

]T
(21)

Equation (18) could be re-written in the traditional state-space representation form:

.
x = (AM) x + (BM) u

y = (DM) x
(22)

Applying the state-space representation to the system, the following equation is obtained:

.
x10×1 =

[
05×5 I5×5

−MM−1
5×5 SM5×5 −MM−1

5×5 CM5×5

]
x10×1 +

[
05×3

−MM−1
5×5 RM5×3

]
u3×1

y =
[

05×5 I5×5
]
x10×1

(23)
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where Equation (23) is a system of three inputs and five outputs. The following is the representation of
(MM)−1 matrix:

(MM)−1 =



1
mr

−1
mrRb

0 0 0
−1

mrRb

mr+ms
mrmsR2

b
0 0 0

0 0 1
Jr

0 0
0 0 0 1

Jg
0

0 0 0 0 1
Jw


(24)

Finally, the state-space representation matrices could be written as:

AM =



0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1
−

St
mr

nSbRb
mr

0 0 0 −
Ct
mr

−
nCbRb

mr
0 0 0

St
mrRb

−
(mr + ms)nSb

mrms
0 0 0 Ct

mrRb
−

(mr + ms)nCb
mrms

0 0 0

0 0 −
Sl
Jr

0 Sl
Jr

0 0 −
Cl
Jr

0 Cl
Jr

0 0 0 −
Sh
Jg

ShGr
Jg

0 0 0 −
Ch
Jg

ChGr
Jg

0 0 Sl
Jw

ShGr
Jw

−
Sl + ShR2

t
Jw

0 0 Cl
Jw

ChGr
Jw

−
Cl + ChR2

t
Jw


(25)

BM =



0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

1
mr

(
1−

Rp
Rb

)
0 0

1
mrRb

(
(mr+ms)Rp

msRb
− 1

)
0 0

0 1
Jr

0
0 0 −

1
Jg

0 0 0



(26)

DM =


0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1


(27)

2.3. Wind Turbine Transfer Matrix

Using the state-space matrices, the transfer function matrix is obtained that represents the system
dynamics:

P(s) = (CM) (sI − (AM))−1 (BM), for y(s) = P(s) f (s) (28)
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The system outputs are described as:

y(s) =



.
dt(s)
.
η(s)
ωr(s)
ωg(s)
ωl(s)


=


g11(s) 0 0
g21(s) 0 0

0 g32(s) g33(s)
0 g42(s) g43(s)
0 g52(s) g53(s)




Fw(s)
Twr(s)
Tg(s)

 = P(s) f (s) (29)

where the inner terms of the transfer function matrix could be described as:

gi j(s) =
gni j(s)

gdi j(s)
for i = 1, 2, 3, 4, 5; j = 1, 2, 3 (30)

gn11(s) =
[
s2

(
ms

(
Rb −Rp

))
+ s(nCbRb) + nSbRb

]
s (31)

gd11
(s) = [s4(mrms) + s3(msnCb + msCt + mrnCb) +

s2(msSt + nCtCb + mrnSb + msnSb) + s(nCtSb + nCbSt) + (nStSb)]Rb
(32)

gn21(s) = [s2
(
ms

(
Rb −Rp

)
+ mrRp

)
+s

(
CtRp

)
+ StRp]s

(33)

gd21
(s) = gd11

(s) Rb (34)

gn32(s) = s4
(
Jg Jw

)
+ s3

(
JwCh + JgCl + JgChGr

2
)

+ s2
(
ClCh + JgSl + JgShGr

2 + JwSh
)
+ s(ClSh + ChSl) + (ShSl)

(35)

gd32(s) = [s4
(
Jg Jw Jr

)
+ s3

(
Jr JgCl + Jr JwCh + Jr JgChGr

2 + Jg JwCl
)

+ s2
(
Sl Jg Jw + Ch JrCl + Cl JgChGr

2 + Jr JwSh + Jr JgSl + Ch JwCl + Jr JgShGr
2
)

+ s
(
ClSh Jw + ChSl JgGr

2 + ClSh Jr + ChSl Jr + ChSl Jw + ClSh JgGr
2
)
+(

SlSh JgGr
2 + ShSl Jr + ShSl Jw

)
]s

(36)

gn33(s) = −s2(ChClGr) − s[Gr(ClSh + ChSl)] − (ShSlGr) (37)

gd33(s) = gd32(s) (38)

gn42(s) = −gn33(s) (39)

gd42
(s) = gd32(s) (40)

gn43(s) = −s4(Jr Jw) + s3
(
JrCl + JwCl + JrChGr

2
)
−

s2
(
ClChGr

2 + JrSl + JrShGr
2 + JwSl

)
− s

(
ClShGr

2 + ChSlGr
2
)
−

(
ShSlGr

2
) (41)

gd43
(s) = gd32(s) (42)

gn52(s) = s3
(
JgCl

)
+ s2

(
ClCh + JgSl

)
+ s(ClSh + ChSl) + (ShSl) (43)

gd52(s) = gd32(s) (44)

gn53(s) = −s3(JrChGr) − s2[Gr(JrSh + ChCl)] − s[Gr(ClSh + ChSl)] − (ShSlGr) (45)

gd53(s) = gd32(s) (46)

ωr(s) = g32(s)Twr(s) + g33(s)Tg(s) (47)
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Considering the inputs of the transfer function, according to the equations developed for the
study of wind turbine aerodynamics, the thrust force (Fw) applied by the wind on the rotor blades and
the aerodynamic torque (Twr) that the air exerts on the wind turbine rotor are expressed as:

Fw =
1
2
ρairπRb

2 CT(λ,φ)v2 (48)

Twr =
ρairπRb

2 CP(λ,φ)v3

2ωr
(49)

where ρair is the density of the air, CT and CP are the thrust and the aerodynamic power coefficients
as a function of pitch angle, φ, and tip speed ratio, λ =

ωr Rb
v , respectively. The power coefficient

is the product of aerodynamic torque coefficient (CQ) and tip speed ratio (λ), and the numerical
approximation of the aerodynamic power coefficient (Figure 2) is given by the following equation:

CP(λ,φ) = a1
(

a2
λi
− a3 φ− a4

)
e−

a5
λi + a6 λ (50)

where 1
λi

= 1
λ+a7 φ −

a8
φ3+1 and the coefficient values according to [10] are a1 = 0.5176, a2 = 116, a3 = 0.4,

a4 = 5, a5 = 21, a6 = 0.0068, a7 = 0.09, a8 = 0.035.Energies 2020, 13, x FOR PEER REVIEW 10 of 23 
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The wind turbine plant transfer functions for pitch control g32(s) and torque control g33(s) for the
2 MW and the 5 MW wind turbines are as follows:

g32(s) =
gn32(s)
gd32(s)

=
s4

(
Jg Jw

)
+ s3

(
JwCh + JgCl + JgChGr

2
)
+ · · · · · ·

s5
(
Jg Jw Jr

)
+ s4

(
Jr JgCl + Jr JwCh + Jr JgChGr2 + Jg JwCl

)
+ · · · · · ·

(51)

g33(s) =
gn33(s)
gd33(s)

=
−s2(ChClGr) − s[Gr(ClSh + ChSl)] + · · · · · ·

s5
(
Jg Jw Jr

)
+ s4

(
Jr JgCl + Jr JwCh + Jr JgChGr2 + Jg JwCl

)
+ · · · · · ·

(52)

It should be noted that only the values of the parameters change for 2 MW and 5 MW wind
turbines, and the transfer functions remain the same. The same transfer function is used for the case
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study in Section 6. The 2 MW and the 5 MW wind turbine parameters used for the simulation are of
doubly-fed induction generator wind turbines [14,15] as given in Table 2.

Table 2. Wind turbine parameters.

Parameter 2 MW 5 MW

Cut-in wind speed 4 m/s 3 m/s

Rated wind speed 11 m/s 11 m/s

Mass of hub and nacelle (mn + mh) 75,080 kg 296,780 kg

Mass of each blade (mb) 4490 kg 17,740 kg

Mass of the tower (mt) 87,900 kg 347,460 kg

Radius of blade (Rb) 40 m 61.5 m

Rotor moment of inertia (Jr) 5.5 × 106 kg m2 3.5 × 107 kg m2

Low− speed shaft torsional damping coefficient (Cl) 25,000 Nms/rad 1000 Nms/rad

High− speed shaft torsional damping coefficient (Ch) 36 Nms/rad 1 Nms/rad

Gear ratio (Gr) 83.33 97

Tower damping coefficient (Ct) 7590 Ns/m 18,970 Ns/m

Blade damping coefficient (Cb) 50 Ns/m 125 Ns/m

Blade stiffness coefficient (Sb) 21,840 N/m 54,590 N/m

Tower stiffness coefficient (St) 772,200 N/m 1,930,490 N/m

Low− speed shaft torsional stiffness coefficient (Sl) 1.6 × 108 Nm 7.63 × 109 Nm

High− speed shaft torsional stiffness coefficient (Sh) 2.3 × 104 Nm 3.5 × 105 Nm

Generator moment of inertia
(
Jg

)
60 kg m2 530 kg m2

Maximum generator torque (Tgmax ) 14,000 Nm 47,000 Nm

Nominal rotor speed (ωrnominal ) 2 rad/s 1.27 rad/s

3. Adaptive Control Algorithm

This section focuses on the formulation and the design of a simple direct adaptive control
algorithm [16]. Consider the linear time-invariant plant:

.
xp = Apxp + Bpup and yp = Cpxp (53)

where Ap and Bp are plant matrices, xp is the state vector, up is the control vector, and yp is the plant
output vector. Elements of Ap and Bp are assumed to be bounded between some upper (u) and lower
(l) bounds: (

ai j
)
l
≤ ap(i, j) ≤

(
ai j

)
u

;
(
bi j

)
l
≤ bp(i, j) ≤

(
bi j

)
u

(54)

where ap(i, j) and bp(i, j) are the (i, j)th elements of Ap and Bp, respectively.
The main objective here is to find a control up without explicit knowledge of Ap and Bp that follows

the output of the following reference model:

.
xm = Amxm + Bmum

ym = Cmxm
(55)

The model has desired plant behavior. However, the model choice is not restricted. The order of
the plant may be much larger compared to the reference model such that:

dim
[
xp

]
� dim[xm] (56)
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The reference model must have the same number of outputs as the plant. The adaptive control
signal composed of the error in the feedback, the model states, and the model input in the feed-forward,
as shown in Figure 3, is given below:

up(t) = Ke(t)
[
ym(t) − yp(t)

]
+ Kx(t)xm(t) + Ku(t)um(t) (57)

where Ke(t), Kx(t), Ku(t) are adaptive gains on error, model state, and model input, respectively, and
(ym(t) − yp(t)) is the output error, also denoted as ey(t).Energies 2020, 13, x FOR PEER REVIEW 12 of 23 
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The adaptive gain is the sum of proportional gain KP and integral gain KI, which are written as
follows:

Ke = KIe + KPe (58)

Kx = KIx + KPx (59)

Ku = KIu + KPu (60)

where:
.
KIe = eyeT

y TIe − σKIe, TIe > 0 (61)

KPe = eyeT
y TPe, TPe ≥ 0 (62)

.
KIx = eyxT

mTIx − σKIx, TIx > 0 (63)

KPx = eyxT
mTPx, TPx ≥ 0 (64)

.
KIu = eyuT

y TIu − σKIu, TIu > 0 (65)

KPu = eyuT
mTPu, TPu ≥ 0 (66)

where TPe, TPu and TPx are time-invariant weighting matrices for proportional gains. TIe, TIx and TIu

are the time-invariant weighting matrices for integral gains, and σ takes values between 0.05 and 0.1.
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For asymptotic tracking, the plant must be almost strictly positive real (ASPR), which means
there exists a positive definite gain matrix K not needed for implementation such that the closed-loop
transfer function:

G(s) = [I + P(s)K]−1P(s) (67)

is strictly positive real (SPR). P(s) is the transfer function of the plant in consideration and is ASPR
if (a) it is a minimum phase, (b) it has a relative degree of one or zero, (c) it has a positive definite
high-frequency gain. In general, most physical plants may not satisfy the ASPR conditions due to the
restrictive nature. Such plants of the form P(s) = (CM)(sI − (AM))−1 (BM) given in Equation (28)
can be made ASPR with augmentation of a feed-forward compensator H(s) [16].

Ga(s) = P(s) + H(s) =
Na(s)
Da(s)

(68)

where Ga(s) is the augmented ASPR plant transfer function.

Compensator Design

To implement the adaptive control algorithm, the wind turbine plant transfer function must
be ASPR, as mentioned above. In region three for the pitch control, the wind turbine plant transfer
function for 2 MW and 5 MW given in Equation (51) is ASPR because the relative degree is one, it is a
minimum phase, and it has a positive definite high-frequency gain. Hence, there is no need to design a
compensator for pitch control. In regions one and two for the torque control, the wind turbine plant
transfer function for 2 MW and 5 MW shown in Equation (52) is non-ASPR because it does not satisfy
the relative degree condition. In order to make the plant transfer function as an ASPR, a feed-forward
compensator has to be augmented in parallel to the plant transfer function.

Assume a non-ASPR plant of the form:

P(s) =
Cmsm + Cm−1sm−1 + Cm−2sm−2 + · · · · · · · · ·+ C0

Dnsn + Dn−1sn−1 + Dn−2sn−2 + · · · · · · · · ·+ D0
(69)

where the coefficients Cm−k and Dn−k can take any values within the given upper (u) bound and lower
(l) bound:

(Cm−k)u ≤ Cm−k ≤ (Cm−k)l k = 0, 1, 2 · · · , m
(Dn−k)u ≤ Dn−k ≤ (Dn−k)l k = 0, 1, 2 · · · , n

(70)

It is also assumed that the nominal plant parameters, the upper bound and the lower bound
values of the plant, along with the degrees (m, n) are known. The feed-forward compensator is selected
such that it has the same order (n) as that of the plant.

H(s) =
fn−1sn−1 + fn−2sn−2 + fn−3sn−3 + · · · · · · · · ·+ f0

sn + hn−1sn−1 + hn−2sn−2 + · · · · · · · · ·+ h0
(71)

This compensator will always satisfy the relative degree condition. The denominator coefficients
of H(s) are determined in a way to make the compensator time constant faster than the reference model
because of the condition that the feed-forward compensator transients should be much faster than the
reference model transients. The numerator polynomial coefficients, which guarantee the stability of
the closed-loop characteristic equation, are found using an optimization algorithm as discussed below:

minimize
{∑

f 2
i

}
sub to : max

{
Real[roots(Na(s))]

}
< 0

(72)

where fi is the coefficient of numerator polynomial of the compensator, and Na(s) is the numerator
polynomial of the augmented plant transfer function, as given in Equation (68). The optimization is
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carried out using the f mincon command in the MATLAB. The objective function is the summation of
squares of the coefficients of numerator polynomial of the compensator fi. The constraints for the
optimization are applied using 2 MW parameters as lower bound and 5 MW parameters as upper
bound. From the optimization, the coefficients are extracted, and the compensator is designed, which
makes the plant ASPR. In the following section, the compensator designed for the plant is given along
with the parameter values used for the simulation.

4. Simulation

The adaptive control model is designed and implemented on the 2 MW and the 5 MW wind
turbine models using MATLAB/Simulink software to analyze the performance and the stability of the
higher-order dynamic system of the wind turbine. It is important to note that the same compensator
model is used for the 2 MW and the 5 MW wind turbine plants. The simulation is done to verify
the rotor speed tracking performance of the designed adaptive control strategy. The wind turbine
plant adaptive controller block diagram is as shown in Figure 4. The torque controller is enabled
when the wind speed is less than the rated wind speed for region one and region two, where the rotor
angular speed is controlled to optimize the aerodynamic efficiency by varying the generator torque
(Tg). The pitch controller is enabled when the wind speed is equal to or greater than the rated wind
speed for region three, where the rotor speed is controlled to extract the rated wind power, reduce the
aerodynamic loads due to high turbulent wind speeds, and maintain the structural safety by varying
the pitch angle, phi (φ).
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The feed-forward compensator initially found as below in Equation (73) has the same order as the
plant for the simplicity of calculations. The denominator of the compensator is predetermined such
that the compensator poles are much farther from the poles of the plant to eliminate any effects at a
steady state or let the transients of the compensator diminishes quickly.

H(s) =
f4s4 + f3s3 + f2s2 + f1s + f0

(s + 3)(s + 4)(s + 6)(s + 9)(s + 15)
(73)

The numerator polynomial coefficients are determined using the procedure as discussed in
Equation (72). The optimization algorithm returns the following values for the numerator polynomial
coefficients, as shown in Table 3.
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Table 3. Compensator numerator coefficients.

Parameter f4 f3 f2 f1 f0

Value 30 30 63.728 36.973 30

Wind speed distribution used for the simulation is approximated by using Gaussian probability
density function [17] given by:

f (v) =
1

σ
√

2π
e(
−(v−vm)2

2σ2 ) (74)

where v is the wind speed, vm is the mean wind speed, and σ is the standard deviation of wind speed.
The time-invariant weights TPe, TPu, and TPx for proportional gains and TIe, TIx, and TIu for integral
gains used for the simulation are given in Table 4.

Table 4. Weights for the adaptive gains.

Parameter Value Parameter Value

TPe 1 TIe 1

TPu 104 TIx 1

TPx 104 TIu 104

It is important to note that the weights of the adaptive gains remain the same for all the cases
of simulation and still could give a satisfactory tracking of the output. The next section presents the
results obtained from the simulation done in MATLAB/Simulink for pitch control, torque control, and
combined control for the 2 MW and the 5 MW wind turbines.

5. Results and Discussion

The proposed adaptive control is designed and successfully implemented on the two wind turbine
models, and the performance characteristics are analyzed using MATLAB/Simulink. The results of the
three cases for the two wind turbines based on wind speed are discussed in this section. For all cases,
a first-order transfer function is used as a reference model. The nominal value of the rotor speed is
given as the input to the reference model. The reference angular speed of the rotor is the output from
the reference model, which is fed as input to the controller, as shown in Figure 4. This enables the
controller to track the optimal angular speed of the rotor.

5.1. Pitch Control

For the pitch control case, the wind speed is assumed to be above-rated wind speed (11 m/s) and
below the cut-off wind speed (20 m/s). The wind speed distribution for this case is approximated
using the mean wind speed as 16 m/s with a standard deviation of 2. The adaptive control varies
the pitch angle based on the error value between the reference rotor speed (ωr_re f ) and the rotor
speed (ωr) from the plant. The plant output in this region is calculated for varying pitch angles by
considering the generator torque as a constant value. The wind speed profile for region three is as
given in Figure 5. This wind speed is given as disturbance input to the plant for both the 2 MW and
the 5 MW wind turbines.
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The rotor speed regulation of the 2 MW and the 5 MW wind turbines in the pitch control region
are shown in Figure 6. It can be seen that the rotor speed follows the reference rotor speed as close as
possible to the values, 2 rad/s for 2 MW wind turbine and 1.27 rad/s for the 5 MW wind turbine. The pitch
angle variations and CP for 2 MW and 5 MW wind turbines are shown in Figure 7. The adaptive
control varies the pitch angle to limit the aerodynamic torque at the rotor. The performance of the
adaptive control in tracking the rotor speed is satisfactory with no steady-state error for both types of
wind turbines. This enables the aerodynamic efficiency of the wind turbine to be optimum in this high
wind speed region, which can be seen in the CP graph with the mean value of 0.45.
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5.2. Torque Control

For the torque control case, the wind speed is assumed to be between the cut-in wind speed (4 m/s)
and rated wind speed (11 m/s). The disturbance input of the plant is approximated using the mean
wind speed as 8 m/s with a standard deviation of two. In this case, the adaptive control varies the
generator torque based on the error value between the reference rotor speed (ωr_re f ) and the rotor
speed (ωr) from the plant. The plant output is calculated for varying generator torque by maintaining
the pitch angle as zero. The wind speed distribution for torque control region is as depicted in Figure 8,
which is given as disturbance input to the plant for both the 2 MW and the 5 MW wind turbines.
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The adaptive torque controller is activated when the wind speed is less than 11 m/s. The controller
in region two works in the same way as region one. For a smooth transition between regions one and
three, the rotor speed is kept at optimal value using torque control by varying generator torque. As the
wind speed exceeds rated wind speed, the pitch control is enabled, which increases the pitch angle and
hence the generator torque gradually decreases to its rated value.
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The rotor speed tracking of the 2 MW and the 5 MW wind turbines in the torque control region
are shown in Figure 9. The generator torque control inputs for 2 MW and 5 MW wind turbines in
regions one and two are as shown in Figure 10. This shows that the compensator designed for the
torque control gives a satisfactory performance in tracking the reference rotor speed.

5.3. Combined Control

For the combined case, the wind speed distribution is assumed to be random with all three regions
combined. This is approximated by considering the mean speed of 11 m/s and a standard deviation of
three. The wind speed profile for the 2 MW and the 5 MW wind turbines in a combined case is as
shown in Figure 11.
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When the wind speed is below rated speed (11 m/s), torque control is enabled or else the pitch
control is enabled. The rotor speed tracking of the 2 MW and the 5 MW wind turbines in the combined
case is shown in Figure 12. The small segments of straight lines in the results of rotor speed show
the switching between the pitch and the torque control, respectively. It can be seen that, even in the
combined case, the designed adaptive control enables the satisfactory tracking of the rotor speed. This
shows that the adaptive control designed for the wind turbine can be utilized efficiently for all the
operating conditions to maintain the optimum aerodynamic efficiency as well as satisfactory tracking
of the rotor angular speed.
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6. Case Study

In this case study, the proposed control strategy was validated using the real wind data and the
wind turbine working in Chapman Ranch wind farm. Chapman Ranch wind farm is located outside
Corpus Christi, Texas with 81 wind turbines operating at an overall capacity of 249.075 MW [18].
The wind turbine has three blades with a rotor diameter of 100 m and a tower height of 90 m. The main
parameters [19] of the wind turbine are given in Table 5.

Table 5. Wind turbine parameters.

Parameter Value

Rating 3.075 MW

Cut-in wind speed 3.5 m/s

Rated wind speed 11 m/s

Mass of hub and nacelle 137,900 kg

Mass of each blade 8244.8 kg

Mass of tower 161,500 kg

Radius of the blade 49 m

Tower height 90 m

Rotor moment of inertia 1.039 × 107 kg m2

Nominal rotor speed 1.63 rad/s

Wind data for the year 2018 were obtained from the historical weather data of Corpus Christi Naval
Air Station which is close to the wind farm. Several factors that influence the real-time wind speed,
such as temperature, pressure, relative humidity, wind direction, etc., were taken into consideration.
The wind speed data at the hub height was obtained using the wind profile power law, as given in
Equation (75):

v = v1

(
z
z1

)α
(75)
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where v is the wind speed at tower height z = 90 m, v1 is the wind speed at z1 = 5 m, and α is the
power-law wind shear exponent (0.19 for pasture terrain) [20].

The distribution of wind speed with a range from 0 to 25 m/s for the year 2018 at the Chapman
Ranch wind farm is shown in Figure 13. These hourly wind speed values are statistically analyzed to
obtain the wind speed series between the successive seconds using Gaussian distribution given by
Equation (74). The mean wind speed and the standard deviation used for the Gaussian distribution
are 10.38 and three. The wind speed generated using the Gaussian distribution, which is given as
disturbance input to the wind turbine model, is shown in Figure 14. The reference model and the
compensator model for this case study are the same as the 2 MW and the 5 MW wind turbine plants.
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The rotor speed tracking of the wind turbine in the case study is given in Figure 15. The short
spikes in the result correspond to the spikes in the wind speed distribution, where the wind speed
shifts between the three regions of operation. Similar to the combined case explained in Section 5.3,
the adaptive controller design ensures the satisfactory tracking of the rotor speed in all operating
regions of the wind turbine.
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7. Conclusions

Wind turbine control plays a prominent role in developing wind turbine technology, mainly
for pitch control, due to the nonlinear aerodynamics of the rotor at high turbulent wind speeds.
This research proposes a robust adaptive control for the complex dynamic system of the wind turbine
to design a pitch controller and a torque controller in three operating regions of the wind turbine.
For regions one and two, the system is controlled by the adaptive torque control mechanism. For region
three, the system output is controlled by an adaptive pitch control algorithm. The proposed control
is implemented on 2 MW and 5 MW wind turbines to test its robustness to parameter uncertainty.
The results indicate that this adaptive controller can be used for any size of the wind turbine as long
as the plant satisfies the ASPR condition. The results also indicate that the rotor speed of the wind
turbine is maintained to follow the nominal value in all cases of the simulation. The case study results
show that the adaptive controller works efficiently for any kind of uncertainties and always gives a
satisfactory tracking of the rotor angular speed.
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