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Silvio Simani — Advanced Issues of Wind Turbine Modelling and Control

Discussion Topics

» General considerations

» Advanced control

» FDI/FTC general structures

> Fault models

» Competition challenges

> Wind turbine modelling issues
» Concluding remarks

< Selected references
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v Control systems have high influence on the total
cost of energy

v Focus on advanced control solutions
= Condition monitoring
= Fault diagnosis and fault tolerant control

v The design of control solutions is enhanced by the
development of high-fidelity benchmark models
and prototypes

= Modelling issues

v Solutions characterised by craftsmanship, quality,
reliability, and proven technology
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Advanced Control
Solutions

“SustainabIT Control”
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Advanced Control

Aim:
Increase multi MWatt wind turbine reliability

\

Existing problem:
Trade-off the annual power production
with lifetime and cost

\ 4
r Suggestions ﬁ,
Build monitoring systems Fault Tolerant Control
using model based techniques system

(FDl) ‘ 5| Increases lifetime & . \ (FTC)

decreases cost

v

Reliable multi MWatt
wind turbine
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Safety-Critical Systems
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v Model-based FDI and FTC are proposed as new
approaches for sustainable (high degree of
reliability and availability) wind turbine control

v Manage loads (storms, ...) and faults

v NOTE: FTC was developed as aerospace topic,
focussed mainly on NASA projects, motivated by
advanced aircraft that could be reconfigured by

control through a high degree of flight surface
redundancy
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tivations
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v Harsh environment asks for the system to be
well protected

» Offshore wind turbines are stand-alone
power plants in inadequate service and
maintenance attendance

v Safety-related control systems to help avert
major incidents resulting from lightning,
storms, gusts and other periodic incidents, and
faults that affect the energy drive train and the
electricity production

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 10
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Example...

-

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015




Silvio Simani — Advanced Issues of Wind Turbine Modelling and Control

v A5 MW wind turbine stopped will loose 24 MWh per
day in production if 40% wind capacity is assumed

= Combine this with difficult
accessibility at an offshore wind
farm, it might take days before a
fault is cleared

= Advanced FDI and FTC included in
the control system could provide
information on the fault, thus
allowing for correct and faster

Cost of energy (15-35%)

Unplanned

) 80%
maintenance

Planned

: 20%
maintenance

repair if required, and/or continued

energy generation eventually at lower level until
maintenance service
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FDI/FTC
Fundamentals
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Fault information
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v PFTC: Robust fixed structure controller
= No fault information provided
v AFTC: Real-time controller reconfiguration

= Fault reconstruction
25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 14
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General Fault
Viedes
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Fault
A

Abrupt

-
- .
~= Incipient

J

Time

7/ Abrupt fault: e.g. failures
7 Incipient fault: i.e. hard to detect

7 Intermitient fault: e.g. disconnections
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Fault example...

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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System Requirements

P -

¥
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v Safeguard w.r.t. all the different types of loads that
inflict a wind turbine and regulate accordingly

= |oads from the environment (e.g. storms, waves, wind
shear and wakes),

= |oads from the wind turbine itself (e.g. blades
aerodynamic imbalances, yaw misalignments),

= |oads from the system (start/stop and turbine failures)
v Analyse system performance to avoid instabilities

v Balancing efficient production with lifetime
considerations

v Ensure redundant system capabilities to allow
production until service and maintenance (O&M)
are possible
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Wind Turbine Maintenance
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v High degree of reliability and availability (sustainability)
is required and at the same expensive and safety critical
maintenance work can occur

v Site accessibility, system availability not always ensured,
severe weather conditions (+ sea installations)

v FTC and FDI researches are stimulated in this application
area since important aspects for decreasing wind energy
cost and increasing electrical grid penetration

v FTC can enhance specific control actions to prevent plant
damage and ensure system availability during malfunctions

v Maintenance costs (O&M) and off-time can be significantly
reduced

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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—__
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International Challenge
A

MULﬂ/TI‘IMAT

ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015

23



Silvio Simani — Advanced Issues of Wind Turbine Modelling and Control

v kk-electronic (Denmark) together with MathWorks
launched a number of benchmark models for fault
detection and accommodation, which allows turbine
owners and researchers to find the best schemes to
handle different faults.

v Based on these models, a series of competitions
and challenges have been launched

= Simple Wind Turbine FDI/FTC benchmark model
= Advanced WT FDI / FTC benchmark model
« Wind farm FDI/FTC benchmark model

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 24
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Benchmark Model Motivations
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v Wind turbine benchmarks were proposed to
provide generic platforms (freely available) for
designing and testing different FDI and FTC
solutions

v The target was researchers in the FDIl and FTC
community, such that they can apply and
compare their methods on wind turbine
realistic installations

v The model is generic, it can be provided to the
public

v Solutions finally verified on accurate wind turbine
models (confidential)
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Silvio Simani — Advanced Issues of Wind Turbine Modelling and Control

_ _Copetition Challeng.
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v Fault diagnhosis and fault-tolerant control
scheme designs

v Design procedure
= Modelling

v Describe the considered system
= Fault analysis

v |dentify faults to be handled
= Detect, isolate (and estimate faults)
= Fault-tolerant control

v Based on signal correction

v Based on scheduling and reconfiguration of the
controller

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Modelling Topics
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| » Coupled aero-hydro-
N : wake M
= turbulence Servo-elastlc
icing i i
p— interaction

vans % Models originate from

I V48 different disciplines
. tua;‘llait:‘lgnt ‘
gravityt tic(ije;lp&te}ftvoarrirna:itérnge = t . Wlnd‘l nflow
= _ s | 4 ) = Waves

= Aerodynamics

= Hydrodynamics

= Structural dynamics
= Control systems

& tides

v 'soilmechanics > MU|ti-PhySiCS

e SCOUr

Eart;[{ake. _ SilTlUlation TOO'S
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NREL Desigen Codes

National Renewable

rgy Laboratory

v http://wind.nrel.gov/designcodes

v One set of models
= FAST

— aeroelasticity

= TurbSim
— turbulent inflow

= Others... e.g.
ADAMS (MSC)

v Freely available

A NWTC Design Codes (Simulators) - Microsoft Internet Explorer
Fibe bt Wwrw Farrdes Tooh el

NWTC Design Codes

Content Simulation Soltware
Ames Test ADAMSZAD vi2.17, 30-September-2004
AR ) ADAMSZAD |= 2 ADAMS® and v
AeroDyn v12.57, 29-September-2004
AeroDyn is an aerodynamics s I f rs of
zontal ind t nes stru
amic ors (MSC ADAMS !
FAST vo.l g AeroDyn
FAST exity of harizor
I o be S@ models
PROPID

v Used heavily In mdustry, academia and other
governmental research organizations

v Important for control systems design

25/11/2015

ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Desin Codes Examples

Applied
Loads
| Control System
; 1 Aero- Rotor Drivetrain Power
Wind-Inflow : ; : :
dynamics Dynamics Dynamics Generation
7 A

Nacelle Dynamics

Tower Dynamics

Waves &
Currents

Hydro-
dynamics

Interaction
Coupled Aero-Hydro-Servo-Elastic Simulation

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 32
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Wind Turbine Components

Schematic overview of wind

7

troller

Yaw motor

turbine components.
Low-speed shaft
Gear box
i‘:‘ Generator) | Anemometer

Wind vane

/ [High-speed shaft ) LiNacelle_
Tower
25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Brec(0) Pitch T, ei(D)

Converter

_ - T,(1) I,

v“(r) . w r L4 . - s

— " »IWind model Aerodynamics @ Drive train w, (1) Generator
o

» Stochastic wind model including tower shadow and
wind shear

» Actuator models
» Zero-mean Gaussian distributed measurement noise

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 34
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Measurement Sensors

=
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Measurements

Sensor Type Symbol | Unit | Noise Power
_EAnemometer - Wind speed at hub height 3 Vw.m m/s | 0.0071
Rotor Speed Wem rad/s | 10~
Generator Speed Wem rad/s | 2-107°
Generator Torque Tem Nm | 09
Generated Electrical Power Pom W 10
Pitch Angle of 4 th Blade Bim deg | 1.5-1077
Azimuth angle low speed side O rad | 1077
Blade root moment jth blade Mgim | Nm | 10°
Tower top acceleration (x and y directions) measurement ?;2 m/s | 51074
Yaw error Sem deg | 5-107*

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Wind Turbine Actuators
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Actuator Models

YR 9
| W50 T T

L |

> Generator and converter
model

> Generator power

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Wind Turbine Submodels

wr(t)

1

Wi (Taero(t) — Tgen (£))

Tgen(t) = Pgen (Tref(t) = Tgen(t))

Hydraulic
pitch system
Ty(5) e
Tor(S) S+ Qe
25/11/2015

Drive-train
model

B(s)

G.(s)

w2

n

>+ 2Cw, s+ w?

Generator &
converter
models

Py(t) = ngwy(t) 74(1)

ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Aerodynamic Model

Wind
R wg (t)‘
— Conerer 1
EEE—— r t I re
wy(t) —F Tiedf (F)
‘_“llllllll.._' “.._’ .
o CIEPI Aerodynamic
_p O, (B), M) (1) yham
Taero(t) = A T AT torque and tip-
" speed ratio
W R [ [
At = .r.(t) [t | Wind speed is not unknown,
so(t): but measured but highly noisy
25/11/2015 ACD 20'15-'F’|I‘sen, Czech Republic. 19-20 Nov. 2015 40
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Simulink-based Scheme

Wind
chEna - Turbine
en an Actuator
Torque R
" Model
Controllers

=P Sensor Models

—
—
5

Actuator (implemefited

Yaw Controll
aw Controller = Mnde_l o FAST)

FTC Signals Fault Detection

. Subsystem
(Active FTC/FDIR)
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Wind Turbine Simulators

FAST Wind
Turbine Block

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Turbine Model & Controller

v Routines for pitch, torque, &
yaw controllers

v Dynamic link library (DLL):

— DLL interface routines
included with FAST archive FAST Wind

Turbine Block
— Can be Fortran, C++, etc.

: :
v MATLAB/Simulink: /\
~ FAST implemented as S- || ‘== /

Function block =
— Controls implemented in S /
block-diagram form Openteap Simunk

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 43
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Reference Controller

v 2 working
. conditions: (l)
Generator I_l o ll‘“_(l‘) partial & (l I)
| caciotee 00 full load
" Wind i
L ?‘:_‘ : /)'[.t.,-(.*)> turbine | P (1) v tAhpeprOX|mateS
—— contollr | | : :
| | configuration
—— | | of an existing
rive train
—” stress dampcr i i Contr0|
: : system
Pop .
i '\ | v Used in the
— s design of the
L} conlzrollcr Lo faU lt
diagnosis
25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 algonthms 45
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Fault Analysis

M

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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FMEA

| Analysis

System
components

Model Partitioning

y

System
description

Fault Propagation Analysis

Fault Specification

List of
possible
effects

Structural Analysis

Fault Assessment

| Possible detectable faults
and sensor fusion

Desired effects
to be handled

Fault dynamics

| possibilities
| Remedial Action Selection
| Faults to be _ Faults to be
| diagnosed Remedial
actions
Design
A 4

Diagnosis Design

I

I

I

I

|

I

I

I
accommodated |
—_
I

I

|
J

25/11/2015
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Fault Scenario

Component Fault

Pitch sensor Biased output

Pump wear

High air content in oil

Pitch actuator Hydraulic leakage

Valve bfhockage

Pump blockage

Proportional error

Generator speed sensor |Fixed output
No output

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 48
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Fault Examples

Z,
o

Fault

Type

Blade root bending moment sensor

Scaling

Accelerometer

Offset

Generator speed sensor

Scaling

Pitch angle sensor

Stuck

Generator power sensor

Scaling

Low speed shaft position encoder

Bit error

Pitch actuator

Abrupt change in dynamics

Pitch actuator

Slow change in dynamics

O Cof | O\ | | W] D] —

Torque offset

Offset

[—
-

Yaw drive

Stuck drive

25/11/2015

ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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FTC General Structure

Reconfiguration E :

-}
Fault Detection & Q |
[

= astimated 1 .
mechanism ¥ Diagnosis

\ FTC —— [ - i
T

| Cﬂ%ﬂer .

5 N\

B e e e e e o T e o Pt M e i e G T e B

oufput

System —>
fuultﬁQ

v PFTC: Robust fixed structuf@&scontroller

v AFTC: Real-time controller reconfiguration
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Fault Accommodation

Component

Fault

Fault Accommodation Method

Pitch sensor

Biased output

High air content in oil

Pump wear

Signal correction of measurement and
reference signals

Active and passive fault-tolerant control

Pitch actuator

Hydraulic leakage

Valve blockage

Pump blockage

Proportional error

Shut down the wind turbine

Signal correction of measurement signal

Generator

Fixed output

speed sensor
No output

Signal correction of measurement signal (PL)
Active and passive fault-tolerant control (FL)

25/11/2015

ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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FTC Solutions: Passive

y e

Wind turbine

Passive Fault
Tolerant-Control
(PFTC)

Wind speed
reconstructor

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 52
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FTC Solutions: Active

»  Wind turbine

y

Active Fault
— Tolerant-Control
(AFTC)

—
V

<

—

Wind speed
reconstructor

T

Fault diagnosis
module (FDD)

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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FDI & FTC Competitions

L T
w m
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Two competitions in two parts launched
on (1) wind turbine and (lI) wind farm
benchmark models

v Part .1 on FDI: solutions were presented in two

invited sessions at IFAC World Congress, Milan,
Italy, 2011

v Part I.lIl on FTC:|solu on ore
and a half invite@ sessior]s at |FA e Safe
Mexico City, Mexico, 2012

» Three prizes for eact
electronic a/s and M

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 55
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v Part Il.| on FDI: solutions were presented in one invited
session at 2014 IFAC World Congress, Cape Town,
South Africa, August 2014

v Part IL.Il on FTC: solutions were presented in one invited
|

session at IFAC SafeProcess, Paris, France, Septemb A

2015 '

b

> Three prizes for each paft was spons -':'.i';-p:

T
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FTC Competition: Results

« CUSUM Based Detection (Borchersen et al. 2014)

— Wind direction and speed estimation

— Comparison of different sets of wind turbines with similar operational
conditions, used to generate residuals

— CUSUM method for FDI
* [nterval Parity Equation (Blesa et al. 2014)
— Interval parity equations for FDI.

— Bounded description of noise and modelling errors

- FDI based on on-line interval prediction bound wolatuons + structural
analysis

 Fuzzy Residual Generators (Simani et 'al. 2014) ‘
i-Sugeno models for residual generation :

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015 57
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Conclusion

v Advanced FDI and FTC in wind turbines are
motivated

v Wind turbine benchma-nk models are

:#"j

required =

v EDI'schemes were developed

v ETC solutions were preposed

- v Wind turblne benchmark models and
chaHenges were Iaunched |

T it i"m..

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Conclusion (cont'd

v Current state-of-the-art design, tooels
= Originate in separate disciplings

v Classical modelling tools

= Good for turbines that are operatlng below rated wind
sSpeed /ﬁ

= Structurally stiff <
= Very little y,aw/
= |_eW.turbulence

v- Next generation turbines
= [arger and more.flexible
= ore accurate: models
"--f"CIoser coupling st | o Al —
: Advanced TontoiEchees] o o -

o T e

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Recent Challenges

v Original benchmark model is combined with
NREL's FAST to provide a FDI and FTC test case
with a more detailed aerodynamic and structural
model

v Contributions were submitted as invited session at
ACC 2013 (June 17 - 19, 2013, Washington, DC)

v A benchmark model for FDI and FTC of wind
turbines on a wind farm level have been proposed,
and a competition in two parts — FDI and-FTC have
been launched and still running

v The wind farm model is quite (too?) simplified

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Research Issues
e ee— =
1

Floating Wind Turbine
- Control
SN

Road wind turbulence,|i§.. A
: : —ﬂlﬂ |

'ﬁ!‘d‘?%

—

——— -

N
|

iy

o

—
o T—

%
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he T

__--_ —

. Forthcoming Events ~-

-
F
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7/ SysTol'16: 3 Conference on Control
and Fauli-Tolerani Sysiems, Sepiernoer
7-9, 2016 — Barcelona, Catalonia, Spain

“|FAC WC 2017: World Congress,
Toulouse, France. 9-14 July, 2017

»SafeProcess 2018 (announced during
the SafeProcess in Paris, August 2015):
August/Sept. (to be defined) 2018,
Warsaw, Poland

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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Recent Publications
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Q Simani S., Overview of Modelling and Advanced
Control Strategies for Wind Turbine Systems.
14 October 2015. Energies 2015. “Special issue
on Wind Turbines 2015".

0 “Special issue on wind turbines and wave
energy devices”. Organised by John V.
Ringwood & Silvio Simani Annual Reviews in
Control, Available online 23 October 2015.

> Selection of papers from previous IFAC events
< In particular, regarding wind turbines...

25/11/2015 ACD 2015 - Pilsen, Czech Republic. 19-20 Nov. 2015
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