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The purpose of this work is to compare some linear and nonlinear control strategies, with the aim of
benefiting as well as possible of wind energy conversion systems. Below rated wind speed, the main
control objective is to perform an optimal wind power capture while avoiding strong loads on the drive
train shafts. To explicitly take into consideration the low speed shaft flexibility, a two-mass nonlinear
model of the wind turbine is used for controllers synthesis. After adapting a LQG controller based on the
linearized model, nonlinear controllers based on a wind speed estimator are developed. They take into
account the nonlinear dynamic aspect of the wind turbine and the turbulent nature of the wind. The
controllers are validated upon an aeroelastic wind turbine simulator for a realistic wind speed profile.
The study shows that nonlinear control strategies bring more performance in the exploitation of wind
energy conversion systems.

© 2010 Published by Elsevier Ltd.

1. Introduction

In the perspective of wind energy electric power production
increasing, it is crucial to optimize wind energy conversion
systems (WECS) exploitation. Efficient production tools and
methods are then necessary. Even if they are less implemented
and more complicated to be controlled, variable speed wind
turbines (VSWT) show many advantages compared to fixed speed
wind turbines (Ernst & Leonhard, 1985; Vihridld, 2002). Their
annual production exceeds the fixed speed ones by 5-10%. For
this kind of turbines, it is shown that the action of the control
system can have a major impact on the loads submitted by the
turbine (Bianchi, Battista, & Mantz, 2006; Heier, 1998). The design
of the controller must take into account the effect on loads, and at
least ensure that excessive loads will not result from the control
action (Burton, Sharpe, Jenkins, & Bossanyi, 2001; Munteanu,
Bratcu, Cutululis, & Ceang, 2008). Many of the wind turbines
control systems are based on linear models. This is due to several
reasons. On the one hand, there are generally simple analytical
solutions to many control problems (LQR, pole-placement, Kal-
man-filtering). On the other hand, it is easier to implement such
controllers in practical applications. Indeed, and until now, the
major part of implemented wind turbine controllers are based on
linearized models (Bianchi, Mantz, & Christiansen, 2005; Bongers,
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Bierbooms, Dijkstra, & van Hoten, 1990; Ekelund & Schmidtbauer,
1993; Munteanu, Cutululis, Iuliana, & Ceanga, 2005).

Wind turbine controller objectives depend on the operating
area (Boukhezzar, Lupu, Siguerdidjane, & Hand, 2007; Camblong,
2008). For low wind speeds, it is more important to optimize wind
power capture. Above the rated power, the primary objective of
the controllers is to reduce electrical power and rotor speed
fluctuations while minimizing the control actuating loads. When
the wind speed exceeds its nominal value, the control objective
shifts from maximizing power capture to regulating power to the
turbine’s rated output. Two control inputs are then available: the
generator torque and the blade pitch angle. Linear controllers
have been extensively used for power regulation through the
control of blade pitch angle. A review of the main control methods
is given in Boukhezzar et al. (2007). The performance of the linear
controllers is limited by the highly nonlinear characteristics of the
wind turbine. Typical power regulation control schemes use blade
pitch angle as the only controller input. The Generator torque is
sometimes controlled according to the method employed for the
below-rated wind speed conditions known as the indirect control
in torque technique. Most controllers hold the generator torque
constant at its nominal value making the controller monovariable
in pitch only (Van der Hooft & Van Engelen, 2003, 2004). These
monovariable controllers are unable to meet the multiple
objectives of regulating the electrical power and rotor speed. A
multivariable controller for power control above rated was
proposed in a previous work (Boukhezzar et al., 2007).

The objective of this paper is to design a controller, for power
capture optimization, that takes into consideration the nonlinear
nature of the wind turbine behavior, the flexibility of the drive-
train shaft and the turbulent nature of the wind. These aspects are
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Nomenclature

v wind speed, ms~!

0 air density, kgm—3

R rotor radius, m

P, aerodynamic power, W

T, aerodynamic torque, N m

P, electrical power, W

A tip speed ratio

p pitch angle, deg

G(4,B) power coefficient

Cq(4,pB) torque coefficient

e rotor speed, rads~!

Wg generator speed, rads !

Wi low speed shaft speed, rads™!

0 rotor side angular deviation, rad

O gearbox side angular deviation, rad
0y generator side angular deviation, rad
Tem generator (electromagnetic) torque, N m

Tis low speed shaft torque, N m

Ths high speed shaft torque, Nm

Jr rotor inertia, kg m?

Jg generator inertia, kg m?

B, rotor external damping, Nmrad—! s~!

B, generator external damping, Nmrad~!s!

Bis low speed shaft damping, Nmrad—'s~!

Kis low speed shaft stiffness, Nmrad~!

X estimate of x

X, X first and second derivative of x with respect to time
(xl) ith derivative of x with respect to time

Xopt optimal value of x

WT wind turbine

NREL national renewable energy laboratory

CART controls advanced research turbine

FAST fatigue, aerodynamics, structures, and turbulence
LQG linear quadratic Gaussian

NSSFE  nonlinear static state feedback with estimator
NDSFE nonlinear dynamic state feedback with estimator

considered in previous works, but not simultaneously. Linear
controllers based on the two-mass wind turbine model were
proposed in Bianchi et al. (2006), Ekelund (1997) and Bongers
(1994). Nonlinear controllers with wind speed estimators have
also been proposed using a one-mass model (Boukhezzar,
Siguerdidjane, & Hand, 2006). Hence, in this work, it is proposed
to extend this method using a two-mass model of the drive train.
This is motivated by the fact that the one mass-model cannot
report the flexibility of the low speed shaft. However, this
flexibility induces flexible resonant and non-resonant modes that
can cause system oscillations.

The contribution of this work, with regard to the literature, is
on the one hand the consideration of a two-mass model for
nonlinear controllers synthesis. On the other hand, the contribu-
tion of this work consists of proposing controllers that take into
consideration the nonlinear nature of the wind turbine aero-
dynamics, its flexible structure, using a two-mass model and the
wind turbulence nature without considering that this one is
measurable. The nonlinear controllers use nonlinear static and
dynamic state feedback, with a wind speed estimator, to track the
optimal tip speed ratio. The wind speed is estimated using the
wind turbine itself as a measurement device. The proposed
nonlinear controllers avoid the assumptions that the wind speed
is measurable or that the WT evolves near an operating point that
allows the use of a local linearized model. This paper is organized
as follows: in Section 2, after a brief presentation of the
aerodynamic model, the two-mass model is given in a state-
space form. A background of WT control objectives in low speed
areas is given in Section 3. LQG controller is then deduced in
Section 4 from the linearized model in the aim of satisfying a
trade-off between wind power capture optimization and drive
train load reduction. The wind speed estimator is presented in
Section 5. To overcome the limited performance of the linear
controller, nonlinear controllers based on the two-mass nonlinear
wind turbine model and using the wind speed estimator are
presented in Section 6. The controllers are coupled with a
wind speed estimator. In Section 7, the developed controllers
are validated upon an aeroelastic wind turbine simulator
for a realistic high-turbulence wind speed profile under
some constraints (input perturbation and measurement noise).
The simulation results show a better performance for the
nonlinear controller regarding wind power capture while
standing in acceptable control loads and drive train torque
transient loads.

2. Wind turbine modelling

A two-mass model is commonly used in the literature
(Bongers, 1994; Novak et al, 1994; Serensen, Hansen, Janosi,
Bech, & Bak-Jensen, 2001) to describe the wind turbine dynamics.
Its scheme is illustrated in Fig. 1(a).

The use of a two-mass model for controllers synthesis is
motivated by the fact that the control laws derived from this
model are more general and can be applied for wind turbines of
different sizes. Particularly, these controllers are more adapted for
high-flexibility wind turbines that cannot be properly modelled
with a one mass model (Boukhezzar et al., 2006). In fact, it is also
shown in Ma (1997) that the two-mass model can report flexible
modes in the drive train model that cannot be highlighted with
the one mass model.

The aerodynamic power captured by the rotor is given by

Po =1pnR2 Gy (2, p)V? 1)

The power coefficient G, depends on the blade pitch angle $ and
the tip speed ratio 4 is defined as

_ w¢R

A== )
the aerodynamic torque is

Ta = pnR3Co(A B)V? 3)
where

Gy =2%D )

is the torque coefficient. The list of symbols used in this paper is
given in the beginning of the revised paper.

The rotor-side inertia J, dynamics are given by the first order
differential equation

Jrr =To—Tis—Brw; )

the low-speed shaft torque T;s acts as a braking torque on the
rotor

Tls = Kls(Ot_Ols)“‘Bls(wt_wls) (6)

The generator inertia J, is driven by the high-speed shaft and
braked by the electromagnetic torque Tep,

Jeg = Tps—Bgg—Tem W)
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Fig. 1. Two-mass wind turbine model characteristics. (a) Two-mass drive train scheme. (b) C,(4,f) curve.

If an ideal gearbox with a ratio ng is assumed, one has
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deducing T time derivative from (6) and using (7) and (8) leads to
the following dynamic system:

®)

Wt ap;p a2 413 Wy by b1z
Wg | = |G G 3| | g |+ |b2 |Ta+ | b2z | Tem )
Ty as; axp asz || Tjs b3 bs,
where
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bn—}r' b, =0
by =0, bzz—*]lg
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3. Control objectives

One can distinguish two operating areas of a variable speed
wind turbine: below and above the rated wind speed.

Below the nominal power, the main control objectives are
(Ekelund & Schmidtbauer, 1994):

1. Maximize wind power capture.
2. Reduce loads submitted by the drive train shaft.

The power coefficient curve C,(4,f) has a unique maximum that
corresponds to an optimal wind energy capture (Fig. 1(b)).

CP(/loptuBopt) = CPopr a9
where

WroptR
Aopt = t(:/pt an

Consequently, in partial load operating mode, in order to
maximize wind power extraction, the blade pitch angle is fixed
to its optimal value f3,,, and with the aim of maintaining 4 at its
optimal value, the rotor speed w; must be adjusted to track the
optimal reference given by

/Iopt
R
The WT electric system time responses are much faster than those
of the other parts of the WT. This makes it possible to dissociate
the generator and the aeroturbine (mechanical and aerodynamic
part) control designs and thus define a cascaded control structure

around two control loops.

wtapr = v (1 2)

1. The inner control loop concerns the electric generator via the
power converters.

2. The outer control loop concerns the aeroturbine that provides
the reference inputs of the inner loop.

Many other works address the electrical part control without
considering the aeroturbine control (Ekanayake, Holdsworth, W,
& Jenkins, 2003). Making the assumption that the internal
(electrical) loop is well controlled, this work focus on the
aeroturbine control. Other controllers have been proposed in
previous works considering the control of the whole system
(Boukhezzar & M’Saad, 2008; Boukhezzar & Siguerdidjane, 2009).

4. LQG control

Given the diversity of available methods, it is more common to
synthesize wind turbine controllers from the linearized model for
an operating point corresponding to the mean wind speed.

The linear quadratic Gaussian (LQG) control technique has
proven to be efficient in the control of many important
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applications (Burns, 2001). A LQG controller is composed of
a linear quadratic regulator (LQR) together with a Kalman
filter state estimator. The LQR regulator provides an optimal
control law for a linear system (A,B,C) with a quadratic
performance index J

-ty
J= / (XTQx-+u"Ru)dt 13)
to

When t; is infinite, or far removed from ty, the optimal control law
is given by (Burns, 2001)

Uopr = —R'B"Px (14)
where P matrix is the solution of the algebraic Riccati equation
PA+A"P+Q-PBR'B'P=0 (15)

The Kalman estimator coupled with the LQR controller extracts
the best estimate of the state variables from a number of
measurements that contain a white Gaussian noise. It is
based on the minimization of the estimation error variance.
For more details about Kalman filter and LQR/LQG controllers,
the readers are referred to Anderson and Moore (1989),
Burns (2001) and Lin (2007). The LQG controller proposed in this
section is inspired from Ma (1997) and adapted to the two-mass
model herein considered. For this, the WT model is firstly
linearized.

4.1. Model linearization

As shown in (3), the nonlinear nature of WT dynamic model
comes from the aerodynamic torque. T, depends on the rotor
speed y, the blade pitch angle and the wind speed v that is a
random highly fluctuating uncommendable input. Linearizing the
aerodynamic torque for a given operating point leads to the
following expression:

To=To +ATq
= Tg, +0AV+ YA+ AP (16)

where «, y and ¢ are constant coefficients. New state variables
corresponding to the variations around the operating point are
then defined

V=Av=v-yg

o = Ao = 0r—wy,
Wg' = Awg = Wg—Wyg,
Tls/ = ATIS = TIS_T[SU
Tem’ = ATem = Tem *Temo

B'=Ap=p-Po a7
For low wind speeds, the blade pitch angle is fixed (Af =0). The
WT model is then a SISO system where the generator torque
constitutes the input and the rotor speed w; the output. The
aerodynamic torque expression is then

T =av' +ymw 18)
In this case, the linearized state space model is

X =Ax+B T, +BV

y=Cx (19)
with
]T

x=[w wg T, y=wy

The state-space model matrices are given in (20):

y—Br 1
0 —
Jr Jr 0
0 B, 1 _—
A= e e | Bi=|
BiBr. 7Bs 1 BiBg (Ir+n§]g B
K— 504 25 — (2528 gy —B n
( Is ]r ) ]r Tlg( Jg ls) Is ng]g]r) g’g
i
Jr
B=| 0 |, c=[01 0 (20)
OCB[S
Jr

Assimilating the wind speed v’ to a linear filtered non-
correlated white noise, one can write

x, =A,x,+B,e,

vV =Cxy @1

where A,,B, and C, depend on the mean wind speed, ground
characteristics and wind speed assumed turbulence (Ma, 1997). e,
is a unity variance non-correlated white-noise.

Finally, the whole state-space representation of the linearized
model is

S A M L

4.2. LQG controller synthesis

ey (22)

The wind power capture optimization and load torque
fluctuation reduction objectives can be simultaneously taken into
account by minimizing the criterion Jpe; (Ma, 1997)

.1 T
oo = Jim 7 ] [ (QutPa+ QAT ) @3
Q. and Q; are the weighting factors. It is shown in Ma (1997) that

the minimization of (23) is equivalent to minimizing the
following criterion:

.1 T
o= Jim 7 E{ [ 0@ 50+ QuATen? | 24

where

Q. =H'QH with Q =1pnR?>v3coQq

0
op

Xa=[(,0[, (Ug/ Tls/ G "//]T

and

H:{aﬂv

oA
aor 00

v

op

In order to achieve a compromise between aerodynamic power
capture optimization and control loads reduction, a linear
quadratic controller is used with a Kalman filter to minimize
the criterion Jpe;.

The LQG block scheme, based on an extended linear repre-
sentation (22) is shown in Fig. 2.

The control input Tey,’ is obtained by a linear state feedback
upon the estimated state X, via a constant gain L, resulting from
the solution of the algebraic Riccati equation

Q. +PA.+AP-PB,Q; 'BIP=0 (25)
with
L,=Q;'B'P (26)



B. Boukhezzar, H. Siguerdidjane / Control Engineering Practice 18 (2010) 1357-1368 1361

wind
T, . 0]
© LQ en Wind 8
= » —>
< controller Turbine
=
2
<
£
g | %
- Y
]
=
L
En Kalman
5 filter
Fig. 2. LQG controller based on augmented state xq.
s N ~
Tll
sz > ~
Kalman Newton »
. —>
o, > filter algorithm
. J
esimated
variables
Fig. 3. Aerodynamic torque and wind speed estimator.
the control input is then,
Tem = _La&a + Temo (27)

5. Wind speed estimation

The wind speed v involved in the aerodynamic equations is an
effective value that cannot be directly measured. As this one is
crucial to deduce the optimal rotor speed w,,, a wind speed
estimator is herein developed. Rather than considering the wind
speed as a linear filtered non-correlated white noise, the effective
wind speed is estimated using the wind turbine itself as a
measurement device.

As indicated in Fig. 3, the estimator is composed of two blocks:

e A first block, that allows to estimate, from the generator speed
measurement wg and the electromagnetic control torque Tep,
an estimate of the aerodynamic torque T, of the rotor speed
@ and the generator speed .

e A second block with, as inputs, the estimates T, and &, of the
aerodynamic torque and the rotor speed respectively. The
block output is the effective wind speed estimate .

The estimation of v goes through T, one, whose estimate and also
those of the other state variables are obtained using Kalman filter.

5.1. Aerodynamic torque estimation
With the aerodynamic torque as an additional state, the

augmented state-space representation is then given by Egs. (28)
and (29), ¢ is the process noise and v the measurement noise.

Only the generator speed, which is a noisy measurement, is
assumed to be available. Generally, the state and measurement
noise are assumed to be stationary, the Kalman gain matrix can
then be calculated off-line. The Kalman filter considered in this
work is time-invariant even if the variance of the aerodynamic
torque changes over time:

[ B, 1 1]
_r 0 - _
o OJ N J JO o
. w0
Is 2 Is
. BB\ 1 (ByBg Jr+n2Jg\ B
r) () o (k) ‘B’S< w2 ) T [LTe
L 0 0 0 0 |
0
1 0
T 0
+ & Tem+ 0 (28)
NgJg 14
0
(&
Wg
y=[01 0 0] +v 29)
Tls
Tq

5.2. Wind speed computation

The estimate of the wind speed ¥ is related to the one of T, by
the following equation:

o goneCy (%4 )97 =0 (30)

where Cq(/:L): Cq(;l.ﬁopt) is a tabulated function of /. In order to
use a numerical method for Eq. (30) solved with respect to v, this
function is interpolated with a polynomial in A

n .
Co) =Y o (31)
i=o0
The Newton-Raphson algorithm, detailed in Appendix A, is then

used to calculate . This value is exploited to deduce the optimal
rotor speed @, = Aopt/VR.

6. Nonlinear state feedback control
In order to improve the linear controller performance, the
nonlinear dynamic aspect of the two-mass model must be taken

into consideration. A nonlinear control strategy is then adopted
based on a wind speed estimator.

6.1. Nonlinear static state feedback control

Starting from @, expression

. 1 B: 1
@ =+ Tg—— r—=T, 32
R R A 32)
one may deduce the second time derivative ¢, of the rotor speed
. 1. B. 1.
W=+ Tg—— w¢—=T 33
t _]r a ]r t _]r Is ( )

it is also possible to extract T from (9)

Tis = a310¢ +a3200g +a33Tjs +b31 Ta+b32 Tem (34)
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Replacing (32) and (34) in (33), it comes out that

. T, (Br+b31]r) (B2—asz1Jr)
D =— To+-—L w
U oot
as; (Br—aszs)y) .. b3y
—~ wg+————T;—=T, 35
]r g J? Is ]r em ( )
Let ¢, be the tracking error defined as
£ = Wy, — W (36)
One imposes a second order dynamics to &g, as
50)+b1éw+b08w =0 37)

bo and b; are chosen such that the polynomial s?+b;s+bg is
Hurwitz.

Replacing w; given by (32) and @, given by (35), and
substituting the state variable by their estimates, one concludes
the expression of T, for the nonlinear static state feedback with
the estimator controller (NSSFE):

Tem =A10¢ +A2(bg +As3 fls +A4’i‘a +A5fa

+AG(D t + 101, + b0, ) (38)
with
Ay = (boJ?—b1ByJr—a31)r +B?) _ —03
bsoJr ' b3,
Az = (Br_bl,]r_a33jr) Al = (bljr_b3ljr_Br)
3 baslr , Aa baslr
1 s
As=-—, Ag=-—"
>~ bsy ® by

6.2. Nonlinear dynamic state feedback control

The static state feedback controller is unable to deal with
control disturbances. In order to reject the effect of an additive
constant control perturbation, a third order error tracking
dynamics is imposed:

3) . .
Ew +b2£w+b18w +b08w =0 (39)

Similarly, by, b; and b, are chosen such that the polynomial
s2+bys2+bys+bg is Hurwitz.

The time derivative of &, is olgtained from (35). From (32) for
. . 3)
w¢ and (34) for T, one reaches wy, as

(3) .
W =Biw: +Bza)g +B3Tis+B4Tq+BsTq
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with
B — [a31)r(Br—asz3)r)—Br(B2—asz1J))]
' 2
B, — a32[BgJr +Jo(Br—a33];)]
Je
Ba — [NgJgJra33(Br—as3)r)—a32)? —NgJg (B2 —as1 ;)]
- nglef?
B, — [b31Jr(Br—as33);) + (B2 —asz1)y)]
‘T JE
Bs = — (&’;7?31]0
-
B, — b32Jg(Br—assJr)+asaJr
#s
b3,
Be — 232
T

Substituting this expression in (39) as well as @, and @, given by
(32) and (35) respectively, and replacing all the variable by their
estimates, the control dynamics is thus

Tem = C]f-a+C2f-g+C3Tg+C4d)[+C5d)g+C5Tls

+CrTem+Ca(@ ty + D20 1y + Do) 41
The coefficients C; are detailed as
1
Ci= —
' by
Cy=— (Br+(b31—by)Jr)
b32]r
Cy=— [b2]r(Br + b31Jr)—b1J} —b31Jr(By—a33]r)—B; + azJi]
b3oj?
Ci=— [Br(B2—as31J;)—baJ;(B2—Jra31)+ b1 BJ? —boJ3 —a31Jr(Br—as3)r)]
b3oJ?
Cs=— a32[J:Jg—BgJr—Jg(Br—assJr)]
b32]r]g
Com— bingJeJ2 —NgJg)ras3(Br—asa)r) + a32J7 +NgJg(BZ —a31)r)—b2ngJe)r(Br—asa)r)

b3angJeJ?

AA

+BGTa +B7Tem +BSTem (40)
R Estimator
B, oo
v i Newton Kalman
! algorithm filter

Nonlinear Dynamic
State Feedback

Wind
Turbine

Fig. 4. Nonlinear dynamic state feedback with estimator controller scheme.
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_ b3byJiJg—b3o]g(Br—az3)r)—aszy);

&= Dsalelr

== (42)
b32
The nonlinear dynamic state feedback controller with estimator
(NDSFE) scheme is shown in Fig. 4.
In order to achieve a compromise between the wind power
capture optimization and control loads reduction, the following
principles were adopted:

e The choice of tracking dynamics that allows to fulfill the mean
tendency of the wind speed, over a given time interval, while
avoiding the local high-speed variations due to the turbulence.

e The filtering of the control torque T, by a low-pass filter to
smooth the control input. Therefore, the drive-train is relieved
from strong efforts and fast transients.

e The filtering of the rotor reference speed w;, and its
derivatives to get a less turbulent reference signal.

7. 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.! The CART is a variable-speed, variable
pitch WT with a nominal power rating of 600 kW and a hub height
of 36 m. It is a 43-m diameter, 2-bladed, teetered hub machine.
More details about the CART wind turbine are given in Stol (2004).
It is assumed to be coupled to a three-phase AC machine. Its
characteristics are given in the same table. This turbine was
modelled with the mathematical model and the FAST: fatigue,
aerodynamics, structures, and turbulence, aeroelastic simulator
for validation (Jonkman & Buhl, 2005).

In order to make a comparison between the proposed control
strategies, all the simulations are carried out in the same
operating conditions:

T NREL (National Renewable Energy Laboratory), Golden, CO.

Table 1
Wind turbine characteristics.

Rotor diameter 43.3m
Gearbox ratio 43.165
Hub height 36.6m
Generator system electrical power 600 kW
Maximum rotor torque 162 kN m

e Presence of constant additive control disturbance d of 10/
ngkNm (ng=43.165).

e Presence of an additive measurement noise on wg with a SNR
of approximatively 7 dB,

e A wind speed profile of 7m/s, with a period of 10mn and a
turbulence intensity of I=25.00% (Fig. 5).

The instantaneous point wind speed v in the profile is the sum of
two components such as

V=Vn+V (43)

where v,, is the mean value and v, is the turbulent component.
The Van der Hooven experimental wind spectra show that the
mean value v,, has a peak at a period corresponding to 10 min on
average (Burton et al., 2001). For this purpose, a 10 min wind data
set is chosen to keep a constant mean value. Such a period of time
is then well adapted to test the developed controllers.

7.1. Using the simplified mathematical model

The proposed linear and nonlinear controllers are first tested
using the simplified two-mass mathematical model with the
CART parameters. Simulation results are presented in Figs. 6 and
7. As one can see in rotor speed curves (Fig. 6), the LQG controller
is unable to supply a convenient control torque T, for an efficient
tracking of the optimal rotor speed wy,,. This is due to the limits
of the linearized model (22) which is not longer valid under wind
speed turbulence. Consequently, the produced electric power in
Fig. 7 is less important with the linear controller, especially for
high wind speed variations, as in between instants 300 and 400 s.
Fig. 8 shows the low-speed shaft torque for both controllers.
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Fig. 7. Electrical power using the two-mass mathematical model.

It comes out from this figure that the nonlinear controller
excites less the drive train while providing a better power capture.

7.2. Brief simulator description

In order to validate the proposed controllers, an aeroelastic
wind turbine simulator is used. It allows a better representation of
the WT taking into account most of the phenomena that are not
modelled with the simplified mathematical model, as for instance
the 3-D wind speed profile effects on the rotor blades, the
flexibility of the blades, and the nonlinear behavior of the low
speed shaft, modeled by a simple torsional torque with the
mathematical model.

The fatigue, aerodynamics, structures and turbulence (FAST)
code developed by NREL is an aeroelastic WT simulator that is
capable of modelling two and three bladed propeller-type
machines (Jonkman & Buhl, 2005). 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. 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. FAST
subroutines are coupled in an S-Function to be incorporated in a
Simulink scheme. Hence, FAST is interfaced with Matlab Simulink
(Fig. 9) allowing users to develop and test high performance
control.

7.3. Validation using FAST

The commands thus validated using the above simulator leads
to results represented in Table 2. For a better visibility, the rotor
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better than the one reached by NSSFE controller. According to
Table 2, the aerodynamic efficiency #,.,, of the LQG controller is
14% less than the NDSFE one. The gap in the electrical efficiency
Helec 1S in the same order of magnitude, that is around 13%. This is
due to the weak control torque of the LQG controller that cannot
ensure a good compromise between power capture and load

The controllers efficiency is compared using two criteria: the
aerodynamic 17,., and the electrical #,.. efficiency. They are

Controller LQG NSSFE NDSFE

std(Tem) (KN m) 0.29 0.27 0.244

max(Tem) (KN m) 1.71 1.61 1.52 .
std(Ts) (kN'm) 12.25 10.91 9.23 reductions.
max(T;s) (KN m) 80.27 68.32 54.65

Naero (Y0) 77.98 88.35 92.71

Netec (Y0) 62.10 71.97 74.95

defined as

[ﬁn

speed wy, the electromagnetic torque T, the low-speed shaft
torque Tis and the electrical power are gathered, for each applied
controller, on the same chart.

The rotor speed w; is shown in Fig. 10. For the LQG controller
parameters tuning, to minimize the J,., criterion (23), only the
ratio between the two tuning parameters Q, and Q; of the LQG
controller is relevant, therefore, in order to bring acceptable
control loads reduction, Q, is fixed to 1 and Q; to 0.05.

One can observe that the LQG controller achieves a rotor speed
that is below the optimal speed w,,. Refereing to the wind speed
profile, one can also observe that this deviation is more significant
during high-turbulence time periods. This is due to the failure of
the LQG controller to reject the perturbation on the control torque
and the consideration of the dynamical aspect of the wind.

The constants by and b, of the NSSFE characteristic polynomial
are fixed to 0.0055 and 0.1333 respectively. The constants by, b4
and b, of the NDSFE are 0.1, 0.8 and 1.7 respectively. These
choices are made in order to ensure a time response of about 20s
for the tracking dynamic. Due to the input disturbance effect, the
nonlinear static state feedback with estimator controller ensures a
rotor speed that is either below or above the optimal rotor speed
®,,. Oppositely, the nonlinear dynamic state feedback with
estimator controller achieves a regular tracking of the mean
tendency of the optimal rotor speed during all the simulation
time. The deviation from the optimal reference is reflected on the
power capture. Referring to Fig. 11 that represents both optimal
Pg,, and captured P, aerodynamic power, the NDSFE controller
ensures a better aerodynamic power capture than the LQG one.
The same observation can be made concerning the produced
electrical power (Fig. 12). The NDSFE controller achieves a largely
better performance than the LQG one. This performance is also

[ﬁn
tini ~ @ Cini Pedt

v Metec(V0) =
Lin Pagpf dt elec thin Pagpt dt

Lini Lini

Naero(0) = (44)

where P, = 1pnR*C,,, v? is the optimal aerodynamic power
corresponding to the wind speed profile and P, is the electrical
power. The low-speed shaft torsion and control torque minimiza-
tion are evaluated by their variance and maximum.

The electromagnetic control torque is presented in Fig. 14.
Refereing to Table 2, the maximal T, value is around 1.71 kN m
with the LQG controller. Even though it ensures the best power
capture performance, the NDSFE needs the lowest maximum T,
value, compared to all the controllers, of 1.5 kN m. Similarly with
the T.,, standard-deviation, that is the lowest with the NDSFE
controller and the highest with the LQG one.

Figs. 12 and 13 show that the NDSFE controller is able to fulfill
a good compromise between produced electrical power
maximization and low speed shaft torsional oscillation
minimization. The produced electrical power is higher than for
all controllers. According to Table 2, the low speed shaft torque Tjg
mean value and standard-deviation are lower with the NDSFE
controller than the LQG and NSSFE ones.

In fact, Fig. 13 shows that the stress submitted by the low speed
shaft is greatly reduced with the nonlinear dynamic controller.

8. Conclusion

Linear and nonlinear controllers based on a flexible two-mass
model of wind turbine drive train were proposed in this work for
wind power capture optimization. They take into consideration
the flexibility of the low speed shaft. The proposed linear
and nonlinear controllers are first tested using the simplified



1366

Rotor speed [rpm]

Pa [kW]

B. Boukhezzar, H. Siguerdidjane / Control Engineering Practice 18 (2010) 1357-1368

@-’ Time

Clock

To Workspace

Qut1

Torque Controller

Qut1

Yaw Controller

QOut1

Pitch Controller

FAST Nonlinear Wind Turbine

Fig. 9. Fast simulink block.

50 T T T T T

@, === LQG - - - NSSFE —— NDSFE

T

45

A R (AN
' @w‘“*»“» \ ' N "’ ‘n‘

R /
p I
1
v rr -4
-~ e \1‘ .
Vo, o
100 200 300 400 500 600
Time [s]
Fig. 10. Rotor speed with FAST simulator.
600
""""" LQG — Paopl - - --NDSFE
500 , g
400 [~ _
f
300 l il _
-
NI
200 - " | | ! Y I
i1 Al i | l A { i
it | ny g ! E i1
it g 1 1 - i
100 ! i, i ! X ) J 'l I ' i i
; - S z )
0 : ‘ . s ‘
0 100 200 300 400 500 600
Time [s]
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Fig. 13. Low-speed shaft torque with FAST simulator.

two-mass mathematical model with the parameters of a real
experimental wind turbine. After that, they are validated using an
aeroelastic wind turbine simulator.

The linear LQG controller is not able to achieve good
performance, especially for high-turbulence wind speeds. A
nonlinear dynamic state feedback controller is then designed
based on the nonlinear two-mass model. The nonlinear dynamic
controller outperform the LQG one with both the simplified and
the FAST model and fulfill a good compromise between power
capture optimization and drive train loads reduction.

Appendix A. Wind speed estimation algorithm

For a given instant t, the effective wind speed V(t) is obtained
using Newton algorithm from the aerodynamic torque estimate
T4(t) and the rotor speed estimate &,(t) given below the Kalman
filter as described in Section 5. The iterative form of the algorithm

is described below

Algorithm 1. Calculate v =V(t).

Require: N >0, &pin > 0, To(t),®¢(t) and V(t—Ty)
Ensure: v =V(t)
1: v < U(t-Ts)

2:n<0
3: repeat
4. Jn = w[‘(/t)R
5: ) 1 . 5
H, < —an3cq(An)v+§an4wt(t)%f)
6: gy« Ta(t)— 1 pR3Co(n)V2
7: Vold <=V
8: vev-H;l g,
9: n<n+l1

10: wuntil (n > N) or (5% < gmin)
11: return v
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Appendix B. Two-mass model parameters

R=21.65m

p =kg/m?

Jr=3.25 x 10° kg m?

Je =34.4kgm?
Bis=9500 N m/rad/s

Kjs =2.691 x 10° Nm/rad
B,=27.36 Nm/rad/s
B,=0.2 N m/rad/s
ng=43.165

Rotor radius

Air density
Rotor inertia
Generator inertia

Shaft damping coefficient
Shaft stiffness coefficient

Rotor friction coefficient
Generator friction coefficient
Gearbox ratio
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