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Silvio Simani — A Wind Turbine Benchmark Model for a Fault-Detection and Isolation Competition

Energy and Related Issues

v Control"ggsternsSsgave hig
total cost oenerg

v FOCUS on supervision and control
solutions L

v The design of suitable strategiesys enhanced
by high-fidelity benchmark models, and
prototypes

v Solutions characterisétl by craftsmanshif,
quality, reliability, and¥proven technology

iInfluence on the
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Energy, Cost, Fault Tolerance

Aim:
Increase multi MWatt wind turbine reliability

v

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

Y
r= Suggestions j
Build monitoring systems Fault Tolerant Control
using model based techniques system
(FD I) Increases lifetime & (FTC)
>  Zm—
decreases cost
Reliable multi MWatt
wind turbine

30/05/2013 2013 MathWorks Research Faculty Summit 3



Silvio Simani — A Wind Turbine Benchmark Model for a Fault-Detection and Isolation Competition

Safety-Critical Systems

el-based FDI and FTC are proposed as new
appro@snes for sustainable (i«=yword, nigr cdegres
it (2l ey zlplef izl 219l [EY) wind turbine control

v Keypoints: loads (storms, ...), failures and faults

v NOTE: FTC was firstly developedias aerospace
topic, focused mainly on NASA prajects, motivated
by advanced aircraft that could be keconfigured by

control through a high degree of flight surface
redundancy

\Y
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Motivations
v Harsh environment - system well protected

., e power
plants in INnAEEQ Vi Peintenance
attendance . |

v Safety-related c.o__, _ M&T0 manage incidents

from lightning 'Stofitpay, gusts and other periodic
Incidents, as we f: L cting the energy

drive train (system/cormmppningis) and the electricity
production

v Production maintained eenin case of failures
(abrupt breakdown) and ngipi@nt faults (e.g. slowly
developing and hard to detgct njalfunctions — their
effects can be accommodafied by FDI+FTC)
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Example...

v A 5 MW wind turbine stopped will loose 24 MWh per day iIn
production if 40% wind capacity is assumed
= Difficult accessibility - it might take
days before a fault is cleared Operation & Mainenance
= About $1.3 million to $2.2 million per Cost of energy (20-35%)
MW capacity installed (2012)
« Production costs from $75/MWh to

$97/MWh (2010)
= Advanced FDI and FTC included in Unplanned
the control system provide maintenance

information on the fault, thus
allowing for correct and faster

repair if required; and/or continued
energy generation eventually at maintenance
lower IevelJ_untiI-maintgﬁn@nce service

- —— SR . . T~ = ———
= s = H -
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General FDI/FTC Struc:tures_il
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= No fault information provided

v AFTC: Real-time controller reconfigt
« Fault reconstruction by FDI — maintenance enhanced
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General Fault Types

Fault
A

Abrupt

conditions

/ Inciplent fauli e.g. ageline)} Sty
rnalfunctions (systern/compones S)

v Intermittent fault: e.g. sensor bias/offset,
disconnections
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International Competition

ﬁmﬂ’%ﬁh k-" A nd T e FBIIFTC ben arl'{' odel

e Adyanded WT-f FDILE C-ber
. W;nd‘fam‘l‘EE‘llFTC beg

e Benchmarks deyelop
~Simulink environmen

vExtensible’and easgl
functions) i i
L ".- l"_- "1- -_lt "'i.""i [ A -.""l..‘..

http &/ /7www. kk—electronid comlwﬁd-tﬁxfinejc&:trz!ﬁ:ompa‘l:'h:-to'ﬂiah-fault—detectlon aspx
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Competition Focus

v Wind turbine benchmark models proposed by
kk-electronic in order to provide generic
platforms for deS|gn and test dlfferent FDI and

comparisoTi of these metheds on wind turbine
application

v Since the model is generic it can be provided to
the public
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Modelling Requirements

| Coupled aero-hydro-
wake i § :
'_ e servo-elastic interaction

Models originate from
different disciplines
Wind-Inflow

" tidal & storm surge = Waves

depth variation extreme

lightning

Aerodynamics

Hydrodynamics

marine
buoyancy growth

Structural dynamics

— Control systems

currentﬁr
& tides

. » Multi-Physics Simulation

soil mechanics

— - Tools
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NREL Desigen Codes

National Renewable rgy Laboratory
v http://wind.nrel.gov/designcodes
= FAST (Fatigue, Aerodynamics, Structures,

A NWTC Design Codes (Simulators) - Microsoft Internet Explorer
Fik Wt Vew Fanries Toob Mk

and Turbulence) — aeroelasticity frae=eds
(Q k- x] @) C0 ) sewch rraorts @Pveda & v L 8-

= TurbSim — turbulent inflow Jge

= ADAMS (Automatic e
Dynamic Analysis of Conts  Sdoton ot
Mechanical Systems) B oo i
- NASTRAN - flexible blade gt

“ past

model (e

ADAN

PROPID

v Used heavily in industry, academia and other
governmental research organizations

v Important for control systems design
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Design Codes

Loads

wind-infiow | . A% [l - Roter
{ dynamics | Dynamics

Nacelle Dynamics

Control System

Drivetrain
Dynamics

Power
Generation

Tower Dynamics

Waves &
Currents

Hydro-
dynamics

: Soil-Struct.
Coupled Aero-Hydro-Servo-Elastic Simulation
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Wind Turbine Model

Converter

T(1)
Drive train Ewg(t)é

——| Wind model

A
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Sensor Models

Sensor Type Symbol | Unit | Noise Power
Anemometer - Wind speed at hub height Uw.m m/s | 0.0071
Rotor Speed Wrm rad/s | 10~%
Generator Speed Wem rad/s | 21074
Generator Torque Tem Nm | 09
Generated Electrical Power Pom AW 10
Pitch Angle of ¢ th Blade Bi m deg | 1.5-1073
Azimuth angle low speed side O rad | 1077
Blade root moment jth blade Mgim | Nm | 10°

| Tower top acceleration (x and y directions) measurement iiz m/s? | 51074 -
Yaw error Sem deg | 5-107°

30/05/2013 2013 MathWorks Research Faculty Summit 15



Silvio Simani — A Wind Turbine Benchmark Model for a Fault-Detection and Isolation Competition

Actuator Models

B~ .

2
n ;
82 _|_ 2 * Cwn * S + (UE -

W

Iy -

> Generator and converter
model

> Generator power
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Slmulmk based Scheme

!

Wind
Turbine

Pitch and
Torque
Controllers

|
—P Sensor Models

—_—
—
S

(implemented
in FAST)

' Yaw Controller

FTC Signals Fault Detection

] Subsystem
(Active FTC/FDIR)
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Turbine Model & Controller

* Routines for pitch, torque, &
yaw controllers
e Dynamic link library (DLL):
— DLL interface routines
included with FAST Sfchive FAST Wind
Turbine Block
— Can be Fortran, C++ etc.

« MATLAB/Simulink:

— FAST implemented &s S-
Function block

— Controls implemented In
block-diagram form

D:[2] Dt double CO
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Reference ( Controller .

—
}

Switch
Generator f_l |
—»| torque
controller

o configuration
turbine | P, of an existing
control system

Power
controller

Drive train

| stress damper v Used in the
design of the
fault diagnosis
algorithms

Speed
controller
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Fault Scenario

Component Fault

Pitch sensor Biased output

Pump wear

High air content 1n oil

Pitch actuator Hydraulic leakage
Valve blockage

Pump blockage

Proportional error

Generator speed sensor |Fixed output
No output

Odgaard, P.F. ; Stoustrup, J. ; Kinnaert, M. Fault-Tolerant
Control of Wind:Turbines: A Benchmark Model. IEEE
Transactions on Control Systems Technology, 2013
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Fault Scenario (cont’'d)

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

30/05/2013

Odgaard, P.F. ; Staustrup, J. ; Kinnaert, M. Fault-Tolerant
Control of Wind Turbines: A Benchmark Model. IEEE
Transactions on.Control Systems Technology, 2013
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FDI and FTC Solutions

v' A competition In two parts was launch on
the WT benchmark model (2009)

« Part | on FDI: solutions were presented in
two Invited sessions at IFAC World
Congress, Milan, Italy, 2011

= Part Il on FTC/ solutions were presented in
two and a halffinvited sessions at IFAC
Safeprocess, Mexi o ity, N J;I co, 2012

- Three prizes sponsored by kk-eleciionicia/s
and Mathworks

I http://www.kk- electron:.mmv wind- turbine-control/competition-on-fault-detection.asp::
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Fault Accommodation

Component |Fault Fault Accommodation Method

Signal correction of measurement and :

Pitch sensor |[Biased output .
reference signals

High air content in oil

Active and passive fault-tolerant control

Pump wear
Pitch actuator | Hydraulic leakage
Valve blockage Shut down the wind turbine
Pump blockage
Generator Proportional error Signal correction of measurement signal
Fixed output Signal correction of measurement signal (PL)
speed sensor . :
No output Active and passive fault-tolerant control (FL)
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Active and Passive FTC

Active Fault-Tolerant Control System Passive Fault-Tolerant Control System

u(k) j'S/{) u(ﬂ ji'(/\')

—» Wind turbine \ Wind turbine ‘J

A'. /\— % o =Y
AETC v.(k) Wind speed i PETC 5 ()

\I(/‘) estimator

Wind speed
estimator

FDI a—
¢ D S W

ActiveFTC | || | | Passive FTC

Dependent on fault diag'nosis' Independent of fault diagnosis

Reconfigures according faults | Robust w.r.t. faults
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Conclusion

v Current state-of-the-art design tools
« Originate in separate disciplines

v Classical modelling tools |

« Good for turbines that are opgratlng below rated wind
speed /]

/

L Structurallgt/ai:fiff/‘f )
= Very little
= Low turbulence EDIETC

v Next generation turbines recent
= Larger and more flexible challenges
« More accurate: mogels '
“»“Closer couphng ..
o Advancgd control scher"ﬁes

e
LY e
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Recent Challenges

v Originall benchmark model is combined with
NREL’s FAST withia more detalled aerodynamic
and structural model

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

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

v EDI solutions under evaluation for the next CDC -
2013 (December 10-13, Florence, Italy)

v Prizes sponsored by MathWorks and kk-electronic
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Open Research Issues

Wind Farm FDUFTC \\\ \\\\\\\X\

'\\\%“\\ -

| S A
ﬂ!""‘“

] .
I ————

. i

Road wind turbulence I B /l_

Floating Wind Turbine
Control

o 4 —
- ﬁ'mF el
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