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| Research objectives and Contributions
v Research objectives
— Maintenance and operation costs reduction =
— Increase the availability of wind turbine 9@ :(

v" Contributions

— The contributon of the project aims at achieving a drift-like fault diagnosis of
wind turbine

Early Detection of Drift-like fault
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* Doubly Fed Induction Generator
structure consists of two converters :
- Grid power side converter Turbine EEE.
- Rotor side converter —— | Brad pitchsystem Converter 1 Converter 2
- Low speed Shaft he 1 -
 Controller operates in four zones in — High speed Shaf el L |/ ac
order to optimize the energy production —— T
according to the wind speed — ! . "
Wid Drive train ?
Doubly fed induction MM
generator Three -
* Control strategies are applied to Pitch angle phase Grid
optimize the energy production : : | .
- Converter torque _ ™ Zone 1i Zone2 /| Zone 3 i Zone 4 7
- The blades angle £ | fy=ow /| | ]
A e 2 R ]
. § a0 : : B, = control : .
* The focus of converter control of WT is & sartupat /. power | Constant o poner
in zone 2 and 3 o the turtipd” - Optimization | prgg‘l:"cetgon | fproduction
R Ié 1r0 Wlind spised [m/s] 2r0 | * *
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Power converter within wind turbine

Turbine
* The rotor side converter consists of three
identical three cell converters used in DC-AC | DFIG
— ggg :
q MCCS
. Drive train él 7/\‘/CZJ— ‘ch J_ ‘ J_ DC
* The multicellular converters are used to T SELE || | A
control the currents of the DFIG rotor S i
ész 7VCZTJ_ VCIT B 5
. 7}0?*? ¢l ¢7 L fg
« The multicellular converters consist of serial cells, each L *QJ- ilT =
cell contains two switches with complementarty value |G [ Ty T
N Three -
phase Grid

' 43 ’300
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Challenges
......... < Tg.m
AcC A . L
Power Converters Dc Z  Highvariability of 7 ,
......... (-
g.r . .
The different operating modes
------- Reg 3
Controller _I—U Reg 2
1 1 Pw
pr a)g pg
Unknown aerodynamique torque related to the wind speed
sensor : isolation problem
Challenges High variability of 7 ,
The différent operating modes correlated to the wind speed

~——

objectives <||E:onverter drifts detection and isolation
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Internal methods

v

v

Parameter State
estimation estimation

Signal
analysis

_—

Major Advantages __

~——
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Very simple to implement

Ability to learn on-line
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External methods

v

Expert systems

Machine learning
and data mining

Ability to learn without to a priori physical knowledge of the system

Powerfull tool of handling non-linear and multi-variable problems
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) p . pp . v’ Diagnosis robustness TIE g s AN 1)
Hybrid dynamic data-mining scheme - — .
v’ Drift-like fault isolation Decompositionn
subsystems
J I l
Blade & Pitch system < Drive Train <—— Generator & Converter
EEm— EEm—
T T
On-line data Controller Historical data base for
streaming initial offline learning
. . . . i Measurements
v A generic on-line and adaptative machine Measurements Discrete control events
learning and data mining scheme l
Determination of the current
discrete mode 9
- Use of any learning method l
discretel/mode q
Calculation of a pattern x ‘ Features Determination of the suitable | Features Preprocessing and data
feature space according to g analysis
v A hybrid dynamic classifier for signale and Feature space corresponding to
. . . . _— L i tt
multiple drift-like faults diagnosis in power oattern current d crning pateme
Converter | Clustering step |
Number and ‘initialization (=, 1) Change evaluation
- - - - sty - of classes C
- Maximize the discriminition between operating N T
conditions in the feature space lasstfied parems £ L =
P Computing the parameers n 9 Crasstir teasning | interpretation

-

Updating using the collected
patterns

v This scheme consider only data samples
about normal operating conditions T
No change anymore in drift indicators
|

Collect of patterns representing
the detected drift

Update parameters

T
3

Drift indicators
1 Changes and detected

Thresholds ——> confirmed

Monitoring
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Fault scenarios
Fault N° Drift speed Converter Fault Type
F1h 5s (High) ESR. - ESR Simple fault in C;
1 1F
F2m 10s (Medium) ESR, - ESR,, Simple fault in C,
F3s 15s (Slow) ESR, > ESR,. Simple fault in C,
F4h 5s (High) ESR, > ESR,, Simple faultin C,
F6s 15s (Slow) ESR, > ESR,,. Simple faultinC, o | | -—.
F7h 5s (High) ESR, > ESR,, and ESR, —>ESR,, Multiple faultinc, o _
and C, Simplified diagram
i - in C of the equivalent serial resistance (ESR
F8m 10s (Medium) ESR, > ESR,, ESR, -» ESR, Multiple fault in C; q (ESR)
and ©;
F9s 15s (Slow) ESR, > ESR,, and ESR, — ESR,, Multiple fault in C,
and C,
Generated converter fault scenarios S S S
e ZEPAPA Le'e
el
2 T - L
I R
E_-I-—+ C, Tl Ve CT| Va
21 - - - - Vi
S S
P AR o—o—
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Converter drift-like fault scenarios related to capacitor C,
T T T T [ [ T T
E il
g If
Normal Operating Conditions Failure Operating Conditions |
Drift scenario 1 corresponding to high drift speed i
[ [ [ [ [ [ [ S‘
ESR1 Faulty = e
(8]
ESRL Heathly / u > Driftin the nominal valye of ESR1 ~ Driftin the nominal valtie of ESR1
I I I I I I I Drift beginning time Driftend time 7
0 5 10 15 2 % 30 kS 40 |
Time (3)
Drift scenario 2 corresponding to medium drift speed i i
[ I I [ [ L l 0 I I I I I I I I
ESR1 Faulty ~ __,_,..-—--"""""ﬂd’ﬁ’ 0 05 1 15 2 25 3 35 4
ESR1 Heathly i Time (s) x 10
[ [ [ [ [ [ [
0 5 10 15 2 % 30 kS 4
Time (S) [ [ [ T [ [ T T
Drift scenario 3 corresponding to slow drift speed E
T T I T T I I 2'§
ESRL Fauly - ‘___,_,_,_._.—-—-—-—'—""'_'_'_'_" | Normal Operating Conditions Failure Operating conditions _|
ESR1 Heathly -
[ [ [ [ [ [ [
0 5 10 15 2 % 30 3 4 ST 7
Time (s) .
> r Driftin the nominal value of ESR1 Driftin the nominal value of ESR1 ]
. R . . Drift beginning time Drift end time
Converter drift-like fault scenarios related to capacitor C, - g
0 [ [ [ [ [ [ [ [
0 05 1 15 2 25 3 35 4
Time (s) x10°
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Simple drift-like fault scenarios related to capacitor C,
[ [ [ [ [ L [ [
E
3
. Normal Operating Conditions Failure Operating conditions _|
Drift scenario 4 corresponding to high drift speed
[ [ [ [ [ [ [ ’>\ - -
ESR2 Fauly - <
ESR2H a:ny — | o
ey > T Driftin the nominal value of ESR1 Driftin the nominal value of ESR1 ]
0 ; li) 1; 2[] 2; 3[) 3; 0 | Drift beginning time Drift end time |
Time (s)
Drift scenario 5 corresponding to medium drift speed 3 .
L I I L L I I
ESR? Faulty 0 L L L [ L [ L L
/ 0 05 1 15 2 25 3 35 4
ESR? Heathly i Time (S) < 10°
[ [ [ [ [ [ [
0 5 10 15 0 % i) % 4
Time (S) [ [ [ [ [ [ [ [
Drift scenario 6 corresponding to slow drift speed 2_% i
L I x L L I x
ESR2 Faulty -~ "____'__'_'___,_,_._.-—-—-—'-" Normal Operating Conditions Failure Operating Conditions |
ESR2 Heathly A
[ [ I [ [ [ I — ]
0 5 10 15 2 % £l % 40 b
Time (s) 0N i
> Drift in the nominal value of ESR1  Driftin the nominal value of ESR1
- . . . Drift beginni Drift end time i}
Converter drift-like fault scenarios related to capacitor C, B
0 [ [ [ [ [ [ [ [
0 05 1 15 2 25 3 35 4
Time (s) x10°
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Drift scenario 7 corresponding to high drift speed in ESR 1 and ESR 2
T T T T T T T
E
ESR1 Faulty — 2.5
ESRL1 Healthy —
I I I I I r I
o 0.5 1 15 2 25 3 3.5 4
Time (s) 10*
T T T T T T T 9
ESR2 Faulty - \?\l
O
ESR2 Healthy — >
L L L L L L L
o 0.5 1 15 2 25 3 35 a4
Time (s) x 10"
Drift scenario 8 corresponding to medium drift speed in ESR 1 and ESR2
T T T T T T T
ESRI1 Faullty [~
ESRL1 Healthy — 0
I I I I I r I
o 0.5 1 15 2 25 3 35 4
Time (s) 10
T T T T T T T
ESR2 Faulty [~
ESR2 Healthy — E
I I I I I r I §
o 0.5 1 15 2 25 3 3.5 a
Time (s) 10*
Drift scenario 9 corresponding to slow drift speed in ESR 1 and ESR 2
T T T T T T T
ESR 1 Faulty [— —~
ESR 1 Health >
lealthy — N
U\—c
o o5 T s z 25 s 3 3 >
Time (s) 10*
T T T T T T T
ESR 2 Faulty [~
ESR 2 Healthy —
I I I I I r I
o 0.5 1 15 2 25 3 35 4
Time (s) x 10"
H H H H 0
Converter drift-like multiple fault scenarios related

to capacitor ¢, andC,
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Normal Operating Conditions

Faillure Operating Conditions |

Houari TOUBAKH

Time (s)

Driftin the nominal value of ESR2 Driftin the nominal value of ESR2
| Drift beginning|time Driftend time i
I I I I I I I I
05 1 15 2 25 3 35 4
Time (s) x10°
T T T T T T T T
il
I
Normal Operating Conditions Failure Operating Conditions ]
Drift in the nominal value of ESR1 Drift in the nominal valuie of ESR1
Drift beginning time Driftend time h
I I I I I I I I
05 1 15 2 25 3 35 4
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Dynamical Feature spaces

v" The features are represented by residuals R, (r=123)

Feature 1
E
Rl,qi = Vcl,m '(Vcl,ref = gj
Feature 2
2E
Rz,qi = C,m '(VCZ,ref :?j

Feature 3

RS,qi = Vsm ™ Vs ref

Dynamical Feature spaces

Feature Rn R R
H 1 2
Feature space In q;

Feature space in + -
2

Feature space in q + +
3

Feature space in - +
4

Feature space in q - +
5

Feature space in g + +
6

Feature space in q, + -

Feature space Matrix

v" Physical knowledeg is used in order to construct the feature space

October 5, 2015
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Dynamical Feature spaces ‘

EJ—__JrSﬂ
> =

(=)

Ves |5
E__h
= &
1 2 3 .

Modeql = (q 1 9717 4 1),w1[ll

hql = (0 0 0)

H Sy
2 v,
E i
> :
Modeq3=(q:l3q§qg),with
hq3 = (0 1 0)

=,

n 4 -
E __+ + b i 2 E_E+ 3
2 - H | 2 E
z <, ]
Ve ] el VO Vea
2 |=
H
H =
H
[

1 2 3 - 1 2 3 -
Mode asg = (q s 494 35 4 5),w ith M ode Adg = q 6 94 ¢ 4 6),vv ith
h = (0 0 1 h = (1 0 1
as — ¢ > ag, — ¢ >
= L Sa =3 S, = :I__+S“ S, S,
5 T | 2 N P P L5
<« L -
i Ved 02 © el B VS Vel |52 7 = (v,
E 1+ K E_L _+ I
S v T v
M ode ag = (q 16 q é q 2),with M ode ag = (q é q g q g),‘v ith
hq7 = (0 1 1) th = (1 1 1)

Different discrete modes of a three-cell converter.

October 5, 2015 ‘ Houari TOUBAKH 15
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Dynamical Feature spaces

q | R i R 1 R 2 R 3
d, Fey i F.,
d5 Fei Fes Feur Feos FesFes
4 - Fe, R,
a5 - Fcz Fcz
e Fes Fes Feur Foo s FeiFeo
97 Fet ] F,

SENSITIVITY OF RESIDUALS R;, R,AND R; TO THE PARAMETRIC FAULTS IN C; (INDICATED BY THE
FAULT LABEL FC1) AND IN C, (INDICATED BY THE FAULT LABEL FC2) IN EACH DISCRETE MODE OF THE
MCC.

October 5, 2015 Houari TOUBAKH 16
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Classifier learning and updating

Auto-adaptive Dynamical Clustering Algorithm

Euclidien

A hybrid dynamic classifier that able to change
its decision function as well as its feature space

Euclidien

according to the discrete mode

Updating step

October 5, 2015

rl/ \\
l’ "
[ 2
! @ o
/L2 He
=<

Fault scenarios
Processing and data analysis

Classifier learning and updating
Drift monitoring

Cs,

|d
0= (t=1)+f (=D, XX N i)

Houari TOUBAKH

05,,05,,CS, 0s,,05,,05,
/
ds = (0 42 02) CS, I: 4= 0 )
N N h, =(0 0 0)
% oS, E
Cs,| 4os, os] |cs,
€5,05,.CS, Cs,08,,08,
W
ds = (05 95 43) Cs, d, = (0595 65)
h, =(101) h, =(100)
qG OS3 q2
cs,| 7os, CSA 105,
Cs, S, CS, Cs,CS,,08,
O = (qé qg qg) CS3 Q4 = (Cli q421 qi)
h, =@11) Ng, =X 10)
s os,
cs,| os, os/ |Cs,
08,,CS,.CS, 0s,,CS,,05,
4 =@ ) Cs, 0 = (03 93 3)
h, =(011) hy =(010)
ki os, 3

cs,

Updating according to active
discrete mode
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Drift Monitoring

v We suppose that only data corresponding to normal operating
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conditions (normal class) are avalible in advance
Monitoring Measure
ul |

““““““ Super‘rised indicator UllSllperVised indicator
= T e | | |
o i Accurcyrate Rect;gl:;tlon Erreur rate dis tlrli?):ltion

Similarty in Similartyin

E /e i o\ ué space time

Euclidien

Université
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Model
complexity

v Unsupervised drift indicators based on Ecludean distance

are used

de (u’N,ué)= ‘u‘N - HE (K )

Drift Monitoring —

October 5, 2015 Houari TOUBAKH
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1

Drift indicator |

1
ool H: High drift speed | ool H: High drift speed
: M: Medium drift speed : M: Medium drift speed
o0gl | S:Slow drift speed 4 ogl-| S:Slow drift speed
L 07F 4 L o7f
o N T
06 . = 06l e
. . 3 g
0.5 |q3H IQ3M Iq3S A L 05F B
e
c
0.4 — é 0.4 ,
03l Threshold | o 5L Threshold |
0.2~ ’J:H;J_:,_f_'_ - 0.2~ 2 -
[J IQ3H
0.1 4 01k
0 [ [ [ [ [ [ 0 [ [ [ [ [
0 05 1 15 2 25 3 0 05 1 15 25 3
« 10" Pattern (X) x 10°

Pattern (X)
1

T [ [ [ [
- - Patterns integrated i i
0oL | H:High drift speed 10 Wi megium Patterns Integrated into
' M: Medium drift speed ! Wt slow drift speed
0sl | S:Slow drift speed driftspeed f =|
|
L, 07F ! _
oM T |
= - . . | i
& “°[Patternsintegrated into !
S o5 Wthigh driftspeed ! i
o
£ 04l | : a
- | |
o 03 ! | I Threshold |
; e e l | |
02 g | | I I N
! < .
i
B Vo 1
0 [ [ [ [ [ [
0 0.5 1 15 2 2.5 3
Pattern (X) x 10"
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Simple drift-like fault scenarios related to capacitor C,

1 . 1
0ol | H:High drift speed | 09k | H:High drift speed J
M: Medium drift speed M: Medium drift speed
0.8~ | S:Slow drift speed 4 0.8-| S:Slow drift speed f
w 0.7F J L 07 i
— T N T
= osk B = 06 =
) k=)
< 8 0.5~ g
o 0.5~ q S :
° £
£ | | £ 04 2 2 2 B
£ 0.4 = Iq3H Iq3M I%S
NCEL Threshold A 0.3 -
02l Threshold |
01 LH M IS 1 o1 .
3 a3 a3
0 r [ [ r r r
h 0r5 ; 1f5 ; 2f5 é 0 0.5 1 15 2 25 3
’ : ) Pattern (X *
Pattern (X) 10" *) X 10
1 T
| | H:High drift speed i
09 M: Medium driftspeed
ogl | S:Slowdrift speed a
» 0.7F —
o o
- —
— 0.6 —
=]
©
L 0.5
= 3 3
:E 0.4 — qu H Iq3 M
a 03l Threshold |
B I
) g
0.2 —
0.1 —
0 r r r [ [ r

(0] 0.5 1 1.5 2 25 3
Pattern (X) x 10"
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1 T T T 1 T T T
0ol | H:High drift speed 2 0ol | H:High drift speed |
M: Medium drift speed M: Medium drift speed
0.8r| S:Slow drift speed . 08| S:Slow drift speed =
0.7+ f 0.7- ,
~ o — - o
5 oo 5 g 0.6~ a
= =]
S osl- . S sl i
2 2 2 2 °
£ 04r I, H Ian 15,5 i E 0.4 7
O osk . o 03k ,
02l Threshold | Threshold
1
0.1~ i —. f 01 F"" i
[ [ [ [ [
Pattern (X) x10° Pattern (X) x 10
1.5 T T T T
H: High drift speed
M: Medium drift speed
S:Slow drift speed
oo 1 u
S
IS
L
k=]
£
=
a os- i
Threshold
|
0 [ [ [ [ [
0 0.5 1 1.5 2 25 3
Pattern (X) x 10"
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’ Obtained results
Fault N° Type Drift It E 13
speed
F1h Simple fault in 5s 0.74s No 1.65s
G detection
F2m Simple fault in 10s 1.78s No 3.34s
C, detection
F3s Simple fault in 15s 2.71s No 5.09s
C, detection
F4h Simple fault in 5s No 0.79s 1.71s
C, detection
F5m Simple fault in 10s No 1.81s 3.42s
C2 detection
Fé6s Simple fault in 15s No 2.77s 5.17s
; detection
F7h Multiple fault 5s 0.75s 0.78s 1.09s
in C;andC,
F8m Multiple fault 10s 1.79s 1.77s 2.87s
in C,andC,
F9s Multiple fault 15s 2.69s 2.65s 4.10s
in C,andC,

October 5, 2015
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Conclusion and future directions
Work done

* Automated on-line early fault diagnosis of wind turbine power converter

» Hybrid classifier able to detect a drift in the normal operating conditions of wind turbine
power converter

* Dynamical feature space is realized to detect a drift in the normal operating conditions of the
multicellular converter in each discrete mode

* Drift indicator for each attributes of feature space for fault detection and isolation
Perspective

* Enrichement of the proposed scheme by the integration of the prognosis module
« Enrichement of the proposed scheme by the integration of the Fault-Tolerant Control module

 Enrichement of the proposed scheme by the integration of Condition Based
Maintenance

October 5, 2015 Houari TOUBAKH
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|

Controller ‘
|

Pitch system i:’ Drive Train ‘
|
’ On-line data streaming ‘ ’
T

’ Historical data set for ‘

Measurements

Discrete control events

discrete mode

l

’ Determination of the current ‘

Calculation of a pattern x

‘ . Features

initial offline learning
I

Measurements

Determination of the suitable
feature space according to 9

Features ’

Preprocessing and data
analysis

Feature space corresponding to
current d
|
Clustering ‘

|

Pattern x l

Learning patterns

Number and initialization (=, z)
of normal classes

Classified patterns {x3}

; . 2
Computing the parameters in 9 - .
of the evolving class Classifier learping
Updating using the collected
patterns
Update parameters
No change anymore in drift indicators
Collect of patterns representing
the detected drift
{>T}
] Drift _indicators N
Monitoring

Changes detected |

Thresholds—)‘

Fault accommodation
and reconfiguration

o s e s s
i L]

Active FTC 1

- )

Fault estimation, evaluation and analysis

and confirmed ‘

{>‘<}

e

Fault evaluation and analysis

Interpretation

Pr —r——l

RUL Confidence intervals

intenance support 1

L wemmemermepen

Maintenance actions (planning)
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