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LPV wind turbine control with anti-windup features
covering the complete wind speed range

Fernando A. Inthamousso8udent Member, |IEEE, Fernando D. Bianchi, Hernan De Battista,
and Ricardo J. Mantz.

Abstract—This work addresses the control of a variable-speed Py
variable-pitch wind turbine in the whole wind speed range. D
this end, a linear parameter varying (LPV) anti-windup (AW)
controller is proposed as part of a control structure focusd
on improving the transition between low and high wind speed
operation. The control structure is similar to classical Plcontrols
used in commercial wind turbines. However, a more advanced
gain-scheduled controller and AW compensation is proposedis a L
consequence, the new control scheme is capable of improvitige Vinin Vi Vinax
behavior of the wind turbine in the transition zone and provides
better stability margins. The proposed control was evaluad in  Fig. 1. Typical power-wind speed curve
a 5 MW wind turbine benchmark and compared with a classical
control scheme. To this end, very demanding and realistic ting
scenarios were built using the FAST aeroelastic wind turbie Basically, the design of wind turbine control strategiekdva

Power

Wind speed

simulator as well as standardized wind speed profiles. for the entire operation envelope can be addressed in twe.way
Index Terms—Control of wind turbines; Gain-scheduling con- A single MIMO controller valid for all wind speeds can be
trol; Anti-windup; Linear parameter varying systems. designed. This approach provides more systematic proesdur

with stability and performance guaranties. However, thenst
changes in the control structure and objectives imposesri
constraints on the global performance, especially the low
PERATION and control of wind turbines change sigeontrollability exhibited in the transition region. Cogsently,
nificantly along the wind speed range. Figure 1 showsthe design of a single controller valid for the whole operati
typical power—-wind speed curve where three operating regiorange is quite cumbersome and usually results in conseevati
are identified [1]. In the low wind speed region (region 1palsperformance. Alternatively, two different controllersncae
called partial load region) the main objective is the energlesigned to achieve the control goals under partial andtiad
capture maximization. This objective is generally fulfille operation. This approach demands the use of some bumpless
by imposing a generator torque proportional to the squared AW compensation to avoid undesirable responses after
rotational speed. In high wind speeds (region 3, also calledntroller switching. The control topology preferred byeth
full load region) the control goal is to regulate the turbate wind industry is the two-controller one, the optimizatioh o
rated power while maintaining rotational speed within gafetheir transition being an open problem.
limits. This is typically achieved by keeping constant the Wind turbine control is being intensively treated in the
generator torque and acting on the pitch angle of the blawlespecialized literature. The most basic approach uses aupek
limit the input power. Region 2 is a transition region betweetable (L.U.T.) in low wind speeds to achieve maximum energy
partial and full load, in which the objectives and even theapture, a PI controller in high speeds to regulate theiootak
variables to be controlled are changing. This region isoalit speed and classical AW compensation [2]. However, a large
because the limitation of the rotational speed increases thumber of advanced control techniques and tools are being
mechanical loads. Furthermore, the low sensitivity of ttea exploited to design high performance wind turbine conémsl!
dynamic torque w.r.t. pitch actions leads to low contraliab For instance, nonlinear, optimal, adaptive and sliding enod
conditions that impose severe performance constrainth@n tontrol strategies have been recently reported in theatitiee
controller design. [31, [4], [5], [6], [7]- Most of the proposals are confined to
either partial [6], [7] or full load [8] operation, while opnla
F. A. Inthamoussou, H. De Battista and R. Mantz are with LERalcultad  few cover a wide operating range [3], [4].
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et al. [10] describes an LPV speed control of a fixed-pitch Il. PROBLEM DESCRIPTION
wind turbine. In [11] a MIMO LPV controller for partial
and full load operation considering also mechanical loads i

presented. In [12] a gain scheduling PI controller is used B TpR? 3

for pitch control, whereas an LPV control is used for torque P (V. 5,4) = 2 Cr(A BV, @
control. Other proposals are based on the two-controlfslto \yhere v is the wind speedg is the pitch angleQ, is the
ogy. Some of them develop several controllers specificaljpaft speedp is the rotor radius ang is the air density. The
designed for the different operating regions [13], [14][18] ~ power coefficientCp characterizes the conversion efficiency
three LPV controllers are designed for the different regioys the wind rotor and depends on the pitch angle and the tip-
responses after controller switching, additional comstseon py a wind turbine can be controlled by acting nand .,

the controller matrices are imposed. Also, parameter depgfhere), is driven indirectly by the reaction torqug, of the
dent piecewise-affine Lyapunov functions are used, leadiggctrical machine.

to less conservative designs at the cost of more difficult on-gq; 5 matter of clarity and with the aim of standing out the
line implementation. In [14] two different LPV controlleese main attributes of the proposal, just the first drive traindeo
designed for the low and high wind speeds range, but operatig consjdered in the control-oriented model. That is, thedwi

and performance in the transition region is not treated taitle y,/pine dynamics is modeled as the two-mass system [1], [19]
Other proposals focus on the full load operating region,[15]

[16], [17]. In [15] a robust MIMO LPV control for the high O =Q, — Qy/Ng,
wind speed region is designed including model uncertantie J.Q =T, — Ty,
Constant Lyapunov functions are used, leading to an easily T,y = Tup/N, — T
implementable controller. In [16] a robust and fault tofgra g°%g = Tsh/ g T Sg>
LPV control above rated wind speed is proposed. In [17] avhere Q, is the generator speed, and J, are the inertia
LPV controller for high wind speeds integrating the desigin ®f the rotor and generator, respectively, is the gear box
the structural parameters is presented. The use of a paaméatio, Ty, = K0 + B,Q, — B,Q, is the shaft torque/,
dependent Lyapunov function provides less conservatigtreat the stiffness coefficient an@, the friction. The rotor torque
cost of some more complex on-line implementation. is obtained from the power extracted by the wind rotor as

In this paper, a control strategy for a variable-speed bégia o
pitch wind turbine operating along the whole wind speed V.5, ) = Br(V, B, ) /2 @)
range is presented. The main contribution is to providela variable speed wind turbines, the electrical machine is
framework to optimally combine the partial- and full-loadnterfaced by a full or partial power converter that corgrol
controllers in a two-controller topology. To this end, anM.P T,, and decouples the rotational speed from the grid. Since
AW algorithm is developed, which combined with an LP\the electrical dynamics are much faster than the mechanical
pitch controller for full-load operation and a (constafttp) subsystem, it can be assumed for the purpose of this work that
maximum power point tracking controller for partial-loag-o T, coincides with the torque reference.
eration provides formal guaranties of stability and perfance  Generally, the blades are collectively pitched. For cdntro
along the whole operating region. Furthermore, the main LR)iented purposes, the pitch actuators are usually modeled
controller and LPV AW compensation can be combined infiirst-order low-pass filters with amplitude and rate satarat
a unique controller rendering a simple implementation. Tha their linear operating mode, the pitch actuator dynaraies
partial-load controller considered here is the classicaldyatic ) 1 1
torque-speed law, whereas the full-load controller cassi$ B=-=B+ =P, 3)
an LPV pitch controller designed using constant Lyapunov ) , i T ,
functions. Of course, more sophisticated control laws fghh Wherer is the time constant and, the pitch angle command.
and low wind speeds can be designed and still inserted infOr the design of LPV controllers, the highly nonlinear
the proposed scheme to obtain the control for the entf&Pression of7;. is linearized around the operating locus

operating region. Moreover, the proposed LPV AW algorithii€!ding

The energy captured by a wind turbine is often modeled by

could be incorporated to pre-existent controllers like gae- Ty = Br() + kv (OV + ks ()5, (4)
scheduling PI classically used in wind industry. where

The proposed control has been thoroughly evaluated by o T
numerical simulation and compared with a classical control B, (V,3,Q,) = —=
scheme, focusing on the performance in the transition regio o9, (V.B,0%)
The control strategy has been applied to a 5 MW wind by (V,53,9,) = @
turbine large-scale model available in the FAST (Fatigue, e NV |(v.5.00
Aerodynamics, Structures, and Turbulence) code develbped o oT.
the National Renewable Energy Laboratory (NREL) [18]. The ks(V,B,8) = 8ﬂr e

V.B.)

controller performance has been evaluated perturbing theé w
turbine with very demanding wind speed profiles establish@de bar and hat over the variables denote values at the
in IEC standards. operating point and deviations w.r.t. it, respectively.
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Fig. 3. Proposed control scheme

Torque

IIl. PROPOSEDLPV CONTROL WITHLPV AW STRATEGY

Figure 3 sketches the two-loop control structure consitiere
in this paper. The rotational speed is controlled by means
of the generator torque under partial load conditions and by
Fig. 2. Wind turbine operating locus means of the pitch angle under full load operation. For wind
speeds below rated, a L.U.T. builds the static torque-speed
reference curve for maximum energy capture (Figure 2) as in
commercial wind turbine control systems. In high wind spged
Fhe pitch controller regulates the rotational speed atated
value Q. This actuator is only active in high wind speeds

Qmin Qliru ﬁli'm QN
Rotational speed

Combining the previous expressions, the following line
model describing the local dynamics is found:

0 1 —1/N, 0 since it is saturated at its lower limit in low wind speeds. To
i —-K/J. (B, — Bs)/J, B/ J, kg/Jr . avoid undesirable behavior in the transition wind speedean
| K/JgNy B,/ JgN, —BS/JgNg2 0 ’ an AW compensation is incorporated to the control system.
0 0 0 -1/7 In this paper, we propose a systematic approach to design an
0 0 0 LPV AW algorithm. This algorithm can not only be combined
ky /J» 0 ol [V with an LPV pitch controller but with different pitch and
1) ~1/J, 0 [u] » torque controllers. Moreover, it can be incorporated teady
0 0 1/7 existing gain-scheduled control systems. This proposal ha

(5) several interesting properties. As can be seen in Figure 3,

o the AW algorithm shapes both the input and output of the

wherez = [0 Q, Q, §]" is the stateu = [T, 5,]" the pitch controller providing more degrees of freedom that can
control input andV” the wind speed disturbance. be exploited to improve the performance of the classical

The desired operating locus is plotted on the torque-speRW design. Since the AW algorithm is designed in the

p|ane in Figure 2, where the three regions previous'y mehpv framework, it results from an Optimization procedure to
tioned can also be identified. accomplish the transition region specifications. Furtteeem

the combination with an LPV pitch controller strengthen its
o Region 1: Recall that the objective in this region is tattractive features. In fact, both AW and pitch controlleam
maximize the energy extraction, which implies keepinge scheduled using the same variable, rendering a simple
the pitch angle and the tip-speed-ratio at their optimubxPV controller implementation with stability and perfornce
values 3, and ),, respectively, so thaCp()\,,5,) = guaranties.
Cpmax- The classical control in this region drives the
generator currents so that the reaction torque and t}ge

LPV description of the wind turbine
rotational speed are related by the quadratic law [20] P

The first step to design an LPV controller is to find an LPV

T, = (ﬂcp max) 02 =k, 2, (6) dgscriptiqn of the nonlinear model. I'n t'he case of the twasna
2X3 g g wind turbine model, the LPV description is

« Region2: The aim of this region is to avoid detrimental {j:(t) — A(0)z(t) + Bu(t),
interactions between the partial- and full-load contmslle ) : 7
There are several proposals for this transition region. y(t) = Ca(t),
The strategy implemented in commercial wind turbingghere
consists of a linear region where torque increases in 0 1 “1/N, 0
proportion to speed (also called regidnl/2), and a _K,)J _B./J _B /J?V 0
constant torque region once rated torque is reached. A(6) = | ;- /]SV JT B /SN T] _BS/JTN% 0

« Region 3: The objective in this region is to keep the ® Og g SO 979 “"0 9779 1/
turbine working at its nominal operating poirite. at
rated power and rated rotational speed. With this aim, 0 0 00 000 0
the electrical torque is kept constant at rated value while ;. g (¢) 0 —1/J, 0 0 + Ky 5(0) 0.0 0 1/J; 7
the rotational speed is regulated using the pitch actuator. 8 8 8 8 ’ 8 8 8 8
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0 0 é
p=| 0 C=[0 0 1 0]. u}z
—-1/Jg 0 |’ K(9)
0 1/7 T
. Lo oo . L0 L R0 G0)
This model is obtained by linearizing the nonlinear system a R 8 T
described in Section Il. The term associated to the windgpee 0

(i.e., Ky)is notincluded in (7) since it does not affect stability.
Considering the control strategy of Figure 2, there exists kig. 4. setup for the design of the LPV pitch controller
region 3 a one-to-one correspondence among the vdlues
and(),, and the pitch anglg. Therefore, the LPV model (7)
can be parameterized by only one variable 3.

¥
L e
U

Y 2 . .
[J;(st))] = jgofjw(t)) [éz; gii] [J;((tt))] , (8) Fig. 5. Anti-windup compensation scheme

u+?‘ \I U G(6) Y

uq
)

B. LPV pitch controller
The pitch controllerk () is an LPV system of the form

<« Tow(f

wherefy = 1, f1(0) = B,-(0) andf2(0) = k., 3(). The design o .

of the LPV gain-scheduling controller (8) is similar #,, Sketched in Figure 5. As mentioned above, the AW compen-
optimal control,i.e., the control specifications are expressegtion proposed here comprises two compensation terms: one
as the minimization of the inducefl; norm of the operator (ua) acting on the controller output and the othey, on the

T.. : w — z, mapping the disturbance to the outputz, controller inpute. Defining
1211 walt)] _ M)~ 1)
ITule, = sup (2L < @ [y| = Tet0@) s = [V ao),
0€O

where N(0) = G() - M(#) and x denotes the input-output
where||z||s = 1/ [ 2Tzdt and~ > 0 [21]. mapping, it can be proved after some system manipulations
Consequently, previous to the design of an LPV controlller,tpat the_ compensatlon scheme in Flgure 5is equwal_ent. to the
is necessary to define the performance signtie disturbance block diagram of F|gurg 6. It can be mferred_ .from this figure
w and the interconnection between the plant and Controllg?.""tM(a) must be designed to ensure stability of the closed

The control setup is shown in Figure 4. The design can !)%op comprising)/ (9) — I and the nonlinear operator, as well

stated as a mixed sensitivity problem where a compromidg [©© minimize the effect of; on the controlled variable.

between rotational speed deviations and pitch activitdage MOreover, factorizing the LPV systeti(6) in coprime factors
be fulfilled. Therefore, the disturbangeis the rotational speed [24]: the AW compensator design comes down to the design of

set-point and the performance signal is given:by [é ﬂ]T, Zpige:meéﬁ;(\j/%g/;]ngl\iarf ;?:gg:@ K Iz?m fulfilling an induce

where
- - j?aw(t) 2 Aj + BQHj Bg
— — = aw t
€= Wel@ly — 1), =W w(t) | ="f0) | H 0 [xm() )}
The weighting functiongV, andW,, penalize the speed error Ya(t) =0 Co 0

the control actiqn, respectivgly. Since it appears in theea Z?:o £:(0)H; is a state-feedback gain such tHag, (0) is
way as the additive uncertainti#’,, allows also to cover the quadratically stable fof € ©. Then, using the Small Gain

model uncertainty. Integral action is included to enSumd zerqaqrem, the AW compensator will ensure quadratic stabilit
steady-state error. For stabilizability reasons, the rotlet is during saturation if| ()

) N — I||z, < 1. The minimization of
factorized asK () = (1/s) - K(¢) [22]. Once the control \hq effect on the contr
setup is defined, the controller (8) is obtained by solving a
convex optimization problem with infinite number of Linear
Matrix Inequalities (LMIs) constraints. To circumvent ghi
issue, the parameter spaéeis sampled at a set of points
€0, ={0=20;,i=1,..n,} (see the Appendix for
more details).

in low frequencies and the high frequency components BE the state-space realization @f.(6), where H(§) —

olled variable can similarly be expesl

C. AW compensation -

The AW compensation scheme proposed in this paper is
inspired on the theoretical framework introduced in [23f anFig. 6. Equivalent representation of the AW compensatidrese in Figure 5
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as||N(9)||z, < v. Both conditions will be satisfied if

HM(&) 1

N(0) v, (20)

Lo
with v < 1. Therefore, using standard results of LPV theory
[21], [25], the design of the AW compensation consists in
solving the following optimization procedure

minimize v(Q, W (9)),

subject to
QA(0) + BoaW(0) + (%) = * *
BY —vl,, * * <0
W (9) 0 —vl,, * ’
OQQ 0 0 —Z/Iny
Q=Q7 >0, v<l.

for all # € © with x induced by symmetry andV (0) =
E?:o f;(&)W;. The state feedback is then computed as
H(0) = Q~'W(0). Like in the LPV controller design, the
parameter spac® is sampled at a set of poinfse ©,.

TABLE |
WIND TURBINE PARAMETERS

Parameter Value

Description

Py = 5.5967 MW

Rated Power

N, =3 Blades Number
R =063 Rotor Radius
Ny, =97 Gear Box Ratio

B = 6210 KNm/(r/s)

Damping

J, = 38759227 kgn?

Rotor inertia

J, = 534.2 kgr?

Generator inertia

K, = 867637 KN/r

Stifness

‘/m,in =3mls

Cut-in Wind Speed

Vinaz = 25 mls Cut-out Wind Speed
Bmin =0 Minimum pitch angle
Brmaz = 30 Maximum pitch angle
|8l maz =10 °/s Maximum pitch rate

Qn =1,173.7 rpm

Rated speed

Tn = 43093.55 Nm

Rated torque

Note that the AW compensation only depends on the non
saturated syster&'(9).

D. LPV controller with AW compensation

The LPV AW algorithm can be easily embedded to the,,
LPV pitch controller using the same scheduling variable. So
both main pitch controller and AW compensation can be %
implemented jointly as a single LPV controller. Effectiyel
the LPV model of the pitch controller with AW compensation

+
AR
aw‘

is given by
) 9 B B B _a:p(t) Fig. 7. PI control configuration to compare with
S =S ne g B Pl | ay
7=0 l ' alt) This choice ensures good speed regulation with low pitch
A B .C B activity. It also provides robustness against the unmatlele
A . — c.J —DPec,g2 D, R c,J H . .
A ;= [ 0" A+ BQHJ] , Bei,j = 0 ] , dynamics of the FAST wind turbine. The parameter space

was sampled at3 points along the interval ranging frotto
30°. The optimization problems to obtain the LPV controller
and the AW compensation were solved using Sedumi [27] and
where the parameter dependence of the main controller YALMIP [28].
preserved. With the aim of comparing the proposed control scheme
with a baseline controller, the responses obtained using a
IV. SIMULATION RESULTS typical gain-scheduled Pl control with back-calculatiodVA
The proposed control strategy was assessed GRMW cornpensation depicted in Figure 7 are _also presented. The
three-bladed variable-speed variable-pitch wind turbieech- 92in-scheduled Pl controller, in combination with the tenc
mark [18]. The wind turbine parameters are listed in Tab ark wind turbine under analysis, is broetdly used 10 assess
. The operating locus for the generator torque is given ¢ Performance of new control strategies This controller
Figure 2, withQ,,, = 1079 rpm and(;,, = 1115 rpm. The structure and detalls on its (je5|gn can be found in [18]. The
performance of the proposed control scheme was evaluaf&i€duling function and tuning parameters are35e|ectee| her
numerically using a large-scalé degrees-of-freedom model@S /(8) = 1/(1 + 5/0%’1 deg, kp = 18.8 x 107 seconds
running on FAST [26], so that the robustness against unmd}d k7 = 8.07 x 107 This tuning leads to a response
eled dynamics can be checked (recall that the controller wiih @ damping close 0.7 and a natural frequency of
designed using a control-oriented third order model). 0.6 rad/s, which has been reported as the optimum response

The proposed LPV control scheme was computed accordffg the benchmark wind turbine [29]. Finally, the classical
to Sections 11l and Appendix, with back-calculation AW gain was chosen &g, = 0.5 after

several attempts since higher values did not improve AW
compensation.
Three demanding scenarios have been built to test the

_ 0 _
Beaj = [BQ] » Cej=1[Cej —(DeiCo+ Hj)].

s/2.5+1

W(s) = 002202272
Wauls) = 002755677
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Fig. 8. Closed loop responses to a wind rise profile with the/Id@ntrol  Fig. 9. Closed loop responses to a wind gust above rated WehLPV
(black line) and the classical Pl control (gray line) control (black line) and the classical Pl control (gray Jine

proposed control. The first scenario corresponds to a waed r@nd the shaft torque as can be seen in the bottom plots of
established in the standard IEC 61400-1. This wind profildgure 9. Better regulation is achieved at the cost of faster
allows evaluating the behavior under extreme conditions Ritch angle changes. Nevertheless, the pitch activity ith bo
which the wind turbine goes through the three operatir@@ntrol approaches are similar. A more marked improvement
regions. As can be seen in Figure 8, the wind speed rigan be seen in the power and the shaft torque at the bottom
from 6 m/s to15 m/s in10 seconds. Recall that the rated wincf Figure 9.
speed for the NREL5 MW wind turbine is11.4 m/s. It can  The last scenario considers a 10-minutes realistic three-
be observed that the proposed control achieves more efieclimensional wind speed field covering the whole swept area.
regulation of the rotational speed. In fact, the overshodhe The wind speed field was generated with Turbsim [30]. The
speed response is very low as the maximum speed extheds3 m/s mean wind speed was selected so that the turbine
in just 2.55 %. On the contrary, the PI control with classicaWorks most of the time in the transition region. The respense
AW produces a large overshoot leading to an over speed@ftained with both controllers can be observed in Figure 10.
17.9 % Q. It can also be observed that the improvement ifhe top plot depicts the wind speed at hub height. Note that
regulation is achieved with a smoother pitch signal, whicthe aerodynamic torque produced by the wind speed field is
exposes the wind turbine to less mechanical stresses. Tigéthe same as the corresponding to the wind speed at the hub.
bottom plots in Figure 8 show the power and shaft torgiye This explains, together with the the system inertia androbnt
profiles. The latter provides an idea of the mechanical stredynamics, that during some time intervals the pitch coterol
supported by the drive-train. Clearly,;, excursions are lower is active while wind speed at the hub is well below rated. The
for the proposed control. Figure 10 corroborates that the proposed controller pexgor
The second scenario Corresponds to a wind gust also ﬁignificantly better than the baseline controller. In fald:t,
cluded in the standard IEC 61400-1. In this case, the wiXhibits better speed regulation and smoother power output
turbine remains in region 3 most of the time. Therefore, thiith lower pitch activity, particularly of high frequenae
responses observed are not affected by the AW compensation.
In Figure 9, it can be seen that the proposed control also V. CONCLUSIONS
achieves a tight regulation of the rotational speed, eafigci This contribution presents a novel control design for
in the falling edge. This has a significant effect on the powerind turbines, extending the widely accepted two-stepgiesi
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An LPV system can be expressed in the general form

o(t) Ay Biop DB
z2t)| = [Cro Duo Di2
e(t) Co Dy, 0
0 100 200 300 400 500 600 A . B . 0 I(t) (12)
125 ‘ : : : : m j 1,5
1200 E + Z fi(0(t) |Cry D1y 0 w(t)
j=1

E_ 1150 ] j 0 0 0 u(t)
< izzz ] with 2 € R being the state; € R"+ the performance output,

y € R™ the measured variable; € R™ the disturbance and

. ‘ ‘ ‘ ‘ ‘ u € R™ the control action. The parameterc R"» lies in a
A i compact se® andf; (j = 1,...,m) are continuous functions.
o st 1 The synthesis problem consists in finding an stabilizing LPV
o 2r 8 gain-scheduled controller (8) so that the performance con-
1F /\_/j\ JM\ ] straint (9) is satisfied. This controller is computed by sajv
0 ‘ ‘ ‘ A ‘ A . A . .
0 100 200 300 400 500 600 the following optimization problem with LMIs constraints.
s ° ‘ | | | | minimize y(X,Y, A.(0), B.(9), C.(0), D.(6)),
s
g subject to (13) and
2
(o)
o [X I}>O,X:XT>O,Y:YT>O,
0 100 200 300 400 500 600 I Y
50
E W for all # € © and with
X
<  30f B ~ ~ A A~
& Ac(0) = fi00)Acy,  Be() =) f;(6(£))Be,
20 ! ! ! . ; j=0 j=0
0 100 200 300 400 500 600
Time (s)

m m
Ce(0) = £i(6(t)Cej,  De(6) = fi(6()Dey.
Fig. 10. Closed loop responses to a realistic wind profilé wie LPV control i=0
(black line) and the classical Pl control (gray line)

The controller matrices are given by

paradigm to more advanced control techniques. The proposed Ac(0) = N7H(A(0) — X(A(0) — B2De(0)C2)Y

AW compensation designed within the LPV framework can — B.(0)CoY — XByCo(0)M T,
indistinctly be combined with LPV or other gain scheduling B.(6) = Nfl(Bc(G) — XByD.(9)),

controllers. The extra degrees of freedom of the proposed . o

AW scheme are exploited to optimize the transition between Ce(0) = (Ce(8) = De(0)C2Y)M ™7,

partial and full load operation, providing also better dtab \yhere7 — Xy = N M7 [31]. This is a convex optimisation
ity margins. When combined with an LPV pitch controllerproplem with infinite number of constraints. To reduce the
stability and performance guaranties along the whole @pergroplem to a finite number of LMIs, the parameter spéce
ing envelope are achieved. Moreover, since both contmll§g sampled at a set of poing, = {6;, 1 =1,...,n,}. Then,
can be scheduled by a single parameter, a simple controligs constraint (13) is evaluated at every point in the gfithe

implementation results. The control strategy was assesgedgrid is dense enough, then the solution is a good appro>omati
numerical simulation of a high-order wind turbine benchknakq the infinite dimensional problem.
under very demanding scenarios. The tests showed that the
proposed LPV controller improves appreciably the traositi
performance obtained with the classical gain-scheduled PI
control with back-calculated AW compensation. In facthtgy ~ [1] F. D. Bianchi, H. De Battista, and R. J. Mantnd Turbine Control
d lati d ther t d t . Systems: Principles, Modelling and Gain Scheduling Design, ser. Ad-
speed regu a‘flon and smoother orqqe and power transitions vances in Industrial Control. London: Springer-Verlag ton Ltd.,
between partial and full load operation were corroborated. 2006.
These improvements were obtained with lower pitch activity[zl E. A. Bossanyi, “Wind turbine control for load reductibMnd Energy,
ticularly of high frequencies, what is crucial to extahd vol. 6, no. 3, pp. 229-244, 2003.
parucularly ghireq ' : ! %3] T. Senjyu, R. Sakamoto, N. Urasaki, T. Funabashi, H. tBujand
useful life of the pitch servos and drive train components of H. Sekine, “Output power leveling of wind turbine generafor all
Iarge wind turbines. operating regions by pitch angle contrdI2EE Trans. Energy Convers.,,
vol. 21, no. 2, pp. 467-475, 2006.
[4] H. Geng and G. Yang, “Output power control for variabfgeed variable-
APPENDIX pitch wind generation systemdEEE Trans. Energy Convers., vol. 25,

. . . . no. 2, pp. 494-503, 2010.
This appendix presents a brief summary of LPV techn'que[%] R. Vepa, “Nonlinear, optimal control of a wind turbinergeator,” | EEE

[31], [32]. Trans. Energy Convers., vol. 26, no. 2, pp. 468—478, 2011.
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