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LOQR Control for a Multi-MW Wind Turbine

Trunc-Kien Phan, Yoonsu Natr,

Abstract—This paper addresses linear quadratic regulatiQR{L
for variable speed variable pitch wind turbines.ciese of the
inherent nonlinearity of wind turbine, a set of mgig conditions is
identified and then a LQR controller is designed dach operating
point. The feedback controller gains are then pukated linearly to
get control law for the entire operating region. siBles, the
aerodynamic torque and effective wind speed aimatgd online to
get the gain-scheduling variable for implementing tontroller. The
potential of the method is verified through simidatwith the help of

Hyungun Kim, Jaehoon S

However, most control methods applied to these
multi-control-objective MIMO systems are implemehtey
using multiple single-input-single-output (SISOpjis [1]. The
basic structure of wind turbine system is illusrchin Fig. 1.
This configuration has two loops which operate petalently
of each other. The top part of this figure is tiielpcontrol loop
which has major role for regulating the rotor speetihe above
rated region. Under a wind with the speed belowated wind

MATLAB/Simulink and GH Bladed. The performance a”dspeed, the blade pitch angle is pitched off atogitivalue so as

mechanical load when using LQR are also comparé¢l that when
using PI controller.

Keywords—variable speed variable pitch wind turbine, multidM
size wind turbine, wind energy conversion syste@RLcontrol.

|. INTRODUCTION
ECENTLY, variable speed variable pitch wind turlsine

(VS-VP WT)are continuously increasing their market

share. This configuration is the best for multi-eegtt
machines because it not only can maximize energyuoed
over a wide range of wind speed but also reduceharécal
fatigue by using aerodynamics control systems. His t
configuration, the turbine operates with variabfeeed and
fixed pitch if the wind speed is in below ratediceg(region 2)
to achieve maximum aerodynamic efficiency. When wlied
speed is in above rated region (region 3) the ristargulated at
its rated speed by varying pitch angle to ensuaertiechanical
limitations are not exceeded. The controller shdadalesigned
intelligently to transit smoothly between two reggoas well as
to ensure other requirements during transition aschmiting
bladed-tip noise, minimizing output power fluctwais, etc.
The thrust force acting on the rotor and torqueettgyed by
the wind turbine are nonlinear functions of windeeg, rotor
speed and pitch angle. Besides, modern large-simbturbines
are usually equipped with individual pitch actuat@at each
blade and force/moment sensors or accelerometetsvear,
nacelle as well as blades. These inputs and outmutdine
with structural modes to make the machine an intibre
nonlinear multi-input multi-output (MIMO) system.
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to maintain max-Cp operation. Also, in this regigarying the
rotor speed proportionally to the wind speed isftimetion of
torque control loop presented in the bottom patheffigure.

Wind
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i;f controller
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Q_cje' Torque Tgcmp 2
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Fig. 1 Control loop of a MW Wind turbine

The linear quadratic control technique has beeriegpfor
wind turbine, such as we can find in [2], [3], [Most of them
focus on high wind speed region or have differentiol
strategies for different regions. The purpose &f Work is to
design a MIMO LQR controller for a multi-megawating
turbine. The proposed controller has the sameeglyaor the
entire operating region. The controller is synthediwith the
objective of trade-off between maximizing energytcaed
from the wind and mitigating mechanical load. Besgaof the
nonlinearity of the wind turbine, the controllerdesigned for
specific operating points. The feedback gains drent
interpolated or extrapolated for the whole operatagion. The
potential of LQR controller is verified by a comroed wind
turbine simulation package GH Bladed, and compaiiéd PI
controller.

The paper is presented as follows. In section d,present
the modeling of the wind turbine: we explain thaliearity of
the wind turbine and derive linearized model. Sectill is
devoted to the development of the linear quadragitmal
control which aims for trade-off among control atijees.
Finally, in section IV, the proposed controlleiligstrated in a
high-fidelity simulation environment on a represgivie 2MW
wind turbine.
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Il. WIND TURBINE MODEL pitch angle are away from their optimal values tswe the
A basic block diagram for the entire variable speadable Power and rotor speed being regulated aroundtthieid values,

pitch wind energy conversion system can be stradtuss I order to avoid exceeding electrical power as| vas
several interconnected subsystems, shown in Fig. 2. mechanical stresses.

~ 0.5
Pitch e Lo Controller
actuator | Z 0.45
,B Q TgFMD Pe 0.4
A Ta Qg A
v vy . . . e 0.35
Aerodynamics | - ¢ | Drive-train | 7, Generator
< " 0.3
Fa = o2
. o
Tower 0.2
0.15
Fig. 2 A block diagram for VS-VP WT 0.1

0.05
In the above figureF, is thrust force S is blade pitch angle.

T, andT, are aerodynamic torque and reaction generatoud¢orq

respectively2, and(2, are rotor speed and generator speesl. tip speed ratio []
wind speed which is described by mean wind spgednd Fig. 3 Power coefficierCp
turbulent windv,, given by (1). 25

V=v,+V, (1)

The wind speet, seen by rotor plane is defined by (2), where 2
d is nacelle displacement.

V. =V- d (2 15

¢l

A. Aerodynamic conversion

The thrust force acting on the entire rotor, usdé@utjue 1
developed by the wind turbine and aerodynamic paaptured
from the wind are expressed by highly nonlinearatigns as

follow 05

F, =2 pIRC, (A, AV} ®3)
0
Ta = 1 pITR3 M Vr2 (4) tip speed ratio [.]
i A Fig. 4 Force coefficient;

— 2 3
P = E'OHR Co(4, BV, ©) B. Drive-train dynamics

Where p is air density,R is rotor radius.C; is force ~ The aerodynamic torque from equation (4) is theiirgs the
coefficient, andCp is called power coefficient which representgirive-train system in low speed side. The drivéatsystem can
the wind turbine power conversion efficiendy; andC, are be modeled as two inertias interconnected by angftamper
functions of blade pitch angle and tip-speed ratjalefined by and a gearbox, schematically represented in Fignghe high
A=RQ, v, (6) speed side of drive-train system the generatooisnted giving
opportunity to control the reaction torque from tpenerator
[2]. The dynamic model of the drive-train systermisdeled of
the form (7) and (8). Wher®,, (; are rotor speed and generator
speed, respectively;, J; are rotor inertia and generator inertia,
respectivelyB,, By are, respectively, the damping of low speed

which the tgrbine power coefﬁcignt is max!mumpnﬁlx. It shaft and high speed shaft.andc are the torsional stiffness
means that if the pitch angle is fixed at optimalue 4 and 514 torsional damping of drive-train axis.

varying rotor speed proportionally to wind speed kieep do 1 1
F= T k(6 - 8e) G (Q - ) B, (1)

The coefficientsCy andCp are very important in the turbine
control system design. Those characteristics fiferdint values
of tip-speed ratio and pitch angle are illustraitedrig. 3 and
Fig. 4. Fig. 3 indicates that there is one sepet#ic A andg at

tip-speed ratio a#ly, whereCp coefficient is maximum, wind J
turbine will extract the maximum power from the din K 1 c 1
However, this operation condition occurs only iwleind ~ J, dtg :NS(Q _ﬁ99)+ﬁ(g' —NQQ)‘BQQQ -1, (®)
speed region. When wind speed is high, tip-spe&d emd

r
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The gearbox ratidl is defined afN = 2/ Q

Jr
Ta
Qr Gear box
Or Low speed N
S
shaft Qg Jy
Blades/hub/low speed Og
High speed

shaf Generatc
Fig. 5 A drive-train model

C.Tower dynamics

For controller design purposes, it was considecedse a
sufficiently simplified axis-symmetric tower modél]. In this
work, tower top equivalent displacement of onlgtfibending
mode of fore-aft direction is considered, that deled by an
equal common mass-spring-damper system. As a coesee,
the tower top rotation, the torsion deformatione tyawing
effects and higher bending modes are neglected. firsie
bending mode of fore-aft direction is expressed)y

M,d+C,d+K,d-F,=0

Pitch limiter

T

Rate limiter

%

2 ;“/;m ]

Pemp
—

o

5
oy

B

Fig. 6 A second order pitch actuator model

The pitch actuator is a nonlinear servo that gdiyeratates
all the blades or part of them in unison. In clokegp the pitch
actuator can be modeled as a linear low-order dimaystem
with saturation in the amplitude and derivativetioé output
signal. Fig. 6 shows a block diagram of a seconldoactuator
model. The dynamic behavior of the pitch actuagmerating in
its linear region is described by following trandiienction

B(s) _ wp
IBCMD (S) s*+ zfﬁwﬁ + wﬁz"
Where 8 and Sowp are the actual and desired pitch angle,

respectivelyay andés are, respectively, natural frequency and
damping ratio of pitch actuator dynamics. For atisdW wind

(11)

(9)turbine, the pitch angle ranges fret®° to 9¢ and varies at a

Where M; is the tower top effective mass, which igMaximum rate of10%s.

determined by the sum of nacelle mass includingy rand a top

equivalent tower mas€£y, Ky are, respectively, the structural

damping and bending stiffnesd, dand d are the tower top
fore-aft displacement, velocity and accelerati@spectively.

D.Generator dynamics

The most common types of generators for multi-MWidwi
turbine are a doubly fed induction generator (DFEBY a
permanent magnet synchronous generator (PMSG)T]8.
generator torque is controlled by a power convewtach also
manages the active and reactive powers of the gemeHigh
speed switching power electronics is able to settet
generator torque almost instantaneously with rdspedhe
mechanical dynamics. For the purposes of contretegy
design, the generator dynamics is sufficiently nediey a first
order transfer function presented in (10)

T,(s) _ 1

= (10)
(s) 1+r1,s

Yemp
In the above equatiofy(s) and Tgcmp(S) are the generator

torque and generator torque command, respectivglig the
time constant of the generator dynamics.

E. Pitch actuator

While wind turbine system operates in above ratéadw
speed, high rotor speed that may cause mechamoage can
no longer be managed by increasing generated poeeause
this would lead to overload the generator and cderv¢d]. As
seen in Fig. 3Cr can be reduced by varying the pitch angte
maintain the output power at rated power and taletg the
rotor speed at its rated value, instead of changitgy speed
proportionally to the wind speed as in low wind epeegion.
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Ill.  CONTROLLER DESIGN

A.Modé for controller design

Equations from (7) to (11), describing the dynanatsind
turbine, can be written in compact form as

{f(x,x,u,v,t)=0 12)
y=9(x)

By defining the state, input and output vectors

x=[d d g g o T, I

.
u= [,BCMD TQCMDJ y=Q,

Equation (12) is highly nonlinear model, due to the
expression of extracted thrust fof€gand aerodynamic torque
T, as in (3) and (4). In order to design controltbe global
model can be linearized around operating pointén@arizing
the aerodynamic torque and thrust force. The devistof
aerodynamic torque and thrust force from steadg stues are
expressed in (14).
or, = kf;rd)r + k;65,6’+ vajdvr
OF, = kgj&)r + k;adB+ kfjdvr

Where the operatad corresponds to the deviation of values
from linearization poinOP(xo, Uy, Vo), and coefficients in above
equations are defined by
k;i =0T,/0Q, | ks :aTa/aﬂ\OP; kVT :aTa/avr\oP
k;r :aFa/aﬂr\op; ky :aFa/a,B\OP; kfj =6Fa/a|/r\oP

Thus, wind parameterized linear model of wind toebi

around an operating point can then be set on Spéee
representation as in (16).

(14)

op’

(15)
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{6)’( = A(V,) X+ B(v,)du + B, (v,) oV, (16)
oy =Cox

Where OX = X—%,;0U=U—Uy 0y =y —Y,

State space matricégvo), B(vo) andB,(vo) depend on
operating points.

Alvo) = a%x‘op 1B(vo) = a%u‘op B (Vo) = a%vr ‘op (17)

C=[0 0 0 0 1 0]

The controller which is designed base on lineartesys
expressed in equation (18) often proves unsatmfiacin
controlling the turbine to the desired rotor ratatl speed. This
may be due to some linearization inaccuracies oresmodel
deficiencies with respect to the machine behaviorréal
operating conditions. Keeping the rotor speed poeset value
is usually of paramount importance, so it may kefulto add a
complimentary term to the formulation in order &present a
long term deviation of the actual rotational speét respect to
the set point. The linearized wind turbine exprdsse(16) is
augmented with rotor speed integrator. This gives s$tate
vector of the linear system with the form as in)(18

!
5x:[5d 5d B B &, 4T, I:'erdt} (18)

Thus, the state space model of augmented systdesdsibed as

o] M0 s B9 B9,
cC 0 o, 0

dy=[C 0]ox
Where®,=[0 0 0 0 0 0} ©,=[0 O]

(19)

B. Target trajectory

[
[

10

30
20
10

20

10

o
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Gen. Power (MW) Gen. Torque (kNm) Pitch angle (deg) Rotor speed (rpm)

Wind speed (m/s)
Fig. 7 Schedule for regulation set point

As mention above, when wind speed is in below reggibn,
the blade pitch angle is constantly maintainedminmal value
L. While the rotor speed is changed proportionatital speed
S0 as to maintain tip speed ratio at constant vajuEor above
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rated region, the pitch angle is varied in orderegulate the
rotor speed and generator torque/power at ratatesakFig. 7
illustrates the goal trajectories for rotor spedde ( first
window), blade pitch angle (the second window), egator
torque (the third window) and electrical power (tfoarth
window).

C.LQRdesign
With the operating points determined, a set of idietrs can
be synthesized by applying LQR for augmented model

presented in (19), with a quadratic cost functiam the
regulation problem at an operating point is defiasd

3 = [ (8% Q%)% + Bu” R(v,) du ot (20)
0

Where Q(vo) and R(vp) are nonnegative and symmetric
matrices of weights. The control law optimizing thbove
criterionJ is a state feedback law with an optimal gain matri
K(vo) determined by solving an LQR problem. In the
implementation, the intermediate controllers areenth
interpolated linearly from the discrete number ohicollers
which have been designed for specific operatingtgoiFig. 8
illustrates the structure of wind turbine systerhe QR gains
are scheduled by effective wind speed, estimateslifiy speed
estimator. This estimation will be presented in thiéowing
subsection.

v Setpoint and

—* gains schedule | |
‘ .
eref l \M»
T P | Wind turbine
o - LQR i .
' Controller Tycmp ynamics
Drive-train
damper
-QrT States
. [P
Estimated wind speed Wind Speed «
estimator Ty

Fig. 8 LQR control system

IV. WIND SPEED ESTIMATION

As explained above, the target trajectories aredued by
wind speed. However, there is a very rough measemeof the
wind speed available. It is therefore necessaiyatce a good
wind speed estimator to get the controllers impletalgle. Fig.
9 shows the schematic diagram of the wind spedthatstr,
which consists of two consecutive processing maddibe first
module is the aerodynamic torque estimation, fathgwby 3-D
lookup table to calculate the effective wind speed.

The governing equations of the drive-train modgla{Td (8)
can be combined into one equation of

J, djff =T,-NT,-T, (21)

WhereJ;, = J, + NZJg, andT, represents all the mechanical

1SN1:0000000091950263
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losses. window of Fig. 10 is spatially average wind speetich is a
Then, augmenting (21) with the unknown aerodynamidtle difference from the wind speed measured et hub
torqueT,, the above equation can be expressed in thesgtate (dash-dot line). The high frequency componentiéttirbulent

form of (22) [6], [7]. wind are filtered out so as to get estimated wisdaagood
9,1 _To 113.(9Q, scheduling variable.
e I
N/, =) N/, V.NUMERICAL SIMULATION
J{ 0 ]Tg J{ 0 jTL +( N j""g (22)  The proposed controller is validated through siroites with
0 stochastic wind input in both two regions. The perfance and
y=[1 0]{{} W, mechanical load of proposed method are comparédtthat of

. Pl controller. The control law is developed in
wherewg andw, represent the input process and output SENSYIATLAB/SIimulink and compiled into a Dynamic Link brary

hoise. A Kglman filter is applied to est|mate. tf&_rcnjynamlc (DLL). The external controller in DLL format willdused with
torque, which has the structure of (23). In whidrjables with GH Bladed packade to perform full svstern simulatémvind
hat are to be estimated and L is the Kalman fgten . turbine P 9 P Y

§= Qr {0 1/Jt:|{§3r} The simulation for below rated region is performesing a
T, L0 ol (23) Wind with mean speed of 8m/s, which is perturbedubyulent
-N/J -1/3 ) wind with turbulence intensity of 23%. The tracehab height

( 0 t) 0 ( t)TL + |—(Qr —Qr) wind speed is shown in the top window of Fig. 1ity. B1 also

The second stage of wind speed estimation is tuleae wind shows the rotor speed behavior, genergtor torqeaergtor
speed through a 3-D lookup table, which has thremits of power and tower fore-aft moment versus t_|me. THIeIsths_of
estimated aerodynamic torque, measured rotor smesdneasured Fig- 11 represent the responses of the wind turiimen using
pitch angle. This 3-D lookup table is build by ugiequation (4), P! controller (designed in [6]), while the dash-tioes are the

which is reformulated in the form of. wind turbine responses when using LQR controllehe T
. 1 C. (jyﬁ) (24) difference of performance responses between tworalters
T, :E'OHRB - v? are summarized in Table I. It is difficult to difentiable
between the structural responses such as bladever bending
where (= RQ, /V) is estimated tip-speed ratio. moment in time domain. The damage equivalent |¢Bdd.),
B Mg, Can be a quantitative measuvk, is given by (25)
3-Dim lookup Low pass | V; Z(M K )m N,
Q, table | filter M =mx (25)
eq
. Mot
> 7 wheren, is the number of cycles in mechanical load rakige
T(?rque a andny is the total number of cycles in a mechanical lsigdal.
T, | estimator m is the material specific number, for exampie= 3.5 for a
Fig. 9 Wind speed estimator steel tower structure a_md: 10 for a fiber glass blade [S]. The
z larger the DEL value is, the more prone to end rufatigue
Z failure. The statistical data of DEL data of stet load
g responses at mean wind speed of 8m/s for both LQ@RPA
E controller are summarized and compared in TableTHe
S performance data shows that when using LQR the wedae of
< electrical power slightly decreases, however thd. I the
_ TABLE |
g PERFORMANCE DATA AT WIND SPEED OBM/S 23%TI
§ Performance Rotor speed (rp) Generator Power (M\
3 date Mear Std Mear Std.
© ! ! ! ! ! ; ! _ Pl (A) 13.999 1.42 0.778 0.252
£ ‘ ‘ ‘ ‘ ‘ ‘ ) Est.wind LQR (B) 14.165 1.43 0.777 0.247
0 20 40 60 80 100 120 140 160 180 200 (B-A)/A (%) 1.18 0.70 -0.13 -1.98
Time (s)
Fig. 10 Estimated aerodynamic torque (above) atichated wind
speed (below) TABLE Il
MECHANICAL LOAD AT WIND SPEED OF8M/S23%TI
. . . . Blade momentkNm) Tower fore-aft moment
Elg. 10 |I!ustrates thg estimated aerodynamic terqund DEL Inplane  Out-of plane (kNm)
estimated wind speed with the mean value of 8nd28%o TI. PI(A) 2107 1618 4298
The real signals are presented in dash-dot angtimated LQR (B) 2061 1535 4030
values in solid lines. It is noticed that the sdlite in bottom — _(B-AVA (%) -2.18 -5.13 6.23
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blade bending moment in the in-plane and the out-of-plane
direction as well as the tower root bending moment in the
fore-aft direction are improved.

Fig. 12 shows the time domain response simulation for above
rated wind speed region. The wind speed in this simulation has
the mean value of 18m/s with turbulence intensity of 16%. The
first window of Fig. 12 shows the wind speed measured at the
hub. The second one shows the rotor speed. The next windows
present generator torque, generator power and blade pitch
angle. It is easy to see that, in high wind speed region, LQR'S
performance is quite good when comparing with PI. It can be
seenin Tablelll, the electrical power slightly increases. It also
shows that there are remarkable improvements in the
fluctuations of rotor speed and electrical power around rated
values. These are proved by standard deviations of rotor speed
and electrical power in Table Ill. Furthermore, there is more
than 20% DEL decrease of the tower bending moment in
fore-aft direction, asshownin Table IV.

20 I I I I I

Tower My (MNm) Gen. r (VW) Gen. Torque (KNm) Rotor speed (rpm) Wind speed (nvs)

600

Time (s)
Fig. 11represent the responses of the wind turbine when using PI
ontroller designed in [6])

TABLEIII
PERFORMANCE DATA AT WIND SPEED OF 18M/S 16%TI
Performance Rotor speed (rpm) Generator Power (Mw)
data Mean Std. Mean Std.
PI (A) 15.270 0.3317 1.9873 0.0513
LOR (B) 15.299 0.1785 1.9916 0.0300
(B-A)/A (%) 0.19 -46.18 0.21 -41.52
VI. CONCLUSION

This paper investigated in designing awind-scheduling linear
guadratic controller with online wind speed estimation for a
multi-MW size wind turbine. The controller was designed by
linearising the nonlinear wind turbine along the operating point

trgjectory. The potential of the controller was checked by
simulating with GH Bladed software. The responses of

proposed method were compared with that of PI controller.
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TABLEIV
MECHANICAL LOAD AT WIND SPEED OF 18M/s 16%T|

DEL Blade moment (kNm) Tower fore-aft moment

In plane Out-of plane (KNm)
Pl (A) 2386 2472 7268
LQR (B) 2367 2502 5808
(B-A)/A (%) -0.79 121 -20.09
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Fig. 12 Simulation result for wind speed of 18m/s 16% Tl
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