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Sadrzaj prezentacije

» Kvarovi generatora i motivacija

» Upravljanje otporno na kvarove
generatora

» Utjecaj na sustav vjetroagregata

» Smanjenje vibracija pri upravljanju
momentom generatora
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Kvarovi generatora i motivacija




GW
350

300

250

200

150

100

50

Installed

Renewables share in estimated total

capacity
318
283 %
4
2.9
2
0
&
& P Market share
v v GE Wind

Others 30.5%

Ming Yang 3.5%

United Power
4%

Goldwind

11%

6.6%

4

Suzlon
Group 5.3%

Siemens wina Wl India and China
Power 7.4%

world energy need

1.8
0.7 0.4
< Y ™
Q°$Q’ \’5‘Q e“@%&'z’o
o S 7.56 MW
>
s 6127 m

Vestas 13.1%

EU

Enercon 9.8%

Gamesa 5.50% SRV SV A8y bans g/

Nordex 3.3% ! M(}Sthl" USAand EU ,\rb

P>

CEEStructHealth radionica, V. LeSi¢

8 MW
¢ 164 m

ecccep

Q\b‘
Vv
23.03.2015.






el I T~ =

ind turbine faults

Wind turbine number of failures and downtime

[JNumber of failures (%) ® Downtime (%)

19.4
|
/
/‘

Source: J. Ribrant 2007. (Swedish wind turbines 2000.-2004.)
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» Gearbox concept and direct-drive

Failure rate per unit per year
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Generator faults

>

Electric machines failure frequency in wind turbines is
about 10 times greater than in industry applications

> harsh environment

- frequently varying operating conditions

In industry applications:
- 35% of faults - stator related (e.g. insulation degradation)
> 30% of induction machine faults - rotor related (cage)

Wind turbines are placed on hardly reachable, remote
locations

Lots of expensive monitoring and control equipment is
already installed - great opportunity for diagnostics
and control system interventions
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Observed faults

» Cage defects (squirrel-cage induction generator)
» Stator insulation faults

» Both kinds of faults can be related with
instantaneous rotor flux linkage position
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Observed faults

» Cage defects (squirrel-cage induction generator)
» Stator insulation faults

» Both kinds of faults can be related with
instantaneous rotor flux linkage position

» Faults spread rapidly in normal operation
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“Transient leakage inductance

maghnitude [a.u.]

magnitude [a.u.]
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Healthy conditions Damaged rotor bar

G. Stojcic et. al., “Separating Inherent Asymmetries from High
Sensitivity Rotor Bar Fault Indicator”, SDEMPED 2011
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Upravljanje otporno na kvarove
generatora
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Fault-tolerant control

Rotor cage defect: Stator insulation fault:
Cause: » Cyclic thermal stress, » Moisture, vibrations,
bar-end-ring connection thermal stress, PWM
supply
Intervention: » Reduction of current flow |, Reduction of current flow
through damaged cage through damaged
part insulation part

Methodology: » Torque modulation with |, Stator flux modulation
frequency 2(03, with frequency 2(()e
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EEE— > .
Fault-tolerant control

Rotor cage defect: Stator insulation fault:
Cause: » Cyclic thermal stress, » Moisture, vibrations,
bar-end-ring connection thermal stress, PWM
supply
Intervention: » Reduction of current flow |, Reduction of current flow
through damaged cage through damaged
part insulation part

Methodology: » Torque modulation with |, Stator flux modulation
frequency 2(03, with frequency 2(0e

Fast loop: Modulation of torque/stator flux
Slow loop: Optimal power production
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Cage defect fault-tolerant control
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Cage defect fault-tolerant control
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Operating area under fault
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Extension of WT control
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Simulation results

Cage defect simulated at t=50 s
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Experimental setup
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Experimental setup

Control cabinet
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Experimental setup

Description Parameter | Value
Rated power Py, 5.5 kW
Rated voltage U, 400 V
Rated current I 11 A
Rated frequency fn 50 Hz
Number of pole pairs P 2

Rated speed (generator) Wan 1435 rpm
Rated torque Ton 36.6 Nm
Stator resistance R, 0.6193 Q
Rotor resistance R, 0.5093 Q
Stator inductance L, 0.1804 H
Rotor inductance L, 0.1807 H
Mutual inductance L, 0.1738 H
Rated rotor lux magnitude Urdn 0.8444 Wb
Rated stator flux magnitude Wen 0.8989 Wb
Total moment of inertia (datasheets) Jy 0.0383 kgm?
Delta connected A

—

Parameter Value
P, Rated power 700 kW
Tin Rated turbine torque 230.5 kNm
Wh Rated rotor speed 3.0369 rad/s (29 rpm)
C'brmax Rated turbine torque 0.4745
Aopt Optimal tip-speed-ratio 7.4
Ky Torque loop constant 2.2.10* kgm?
o Minimum pitch angle —1°
A WT moment of inertia 776215 kgm
Pair Air density 1.225 kg/m
R Radius of WT rotor 25 m
Ntower Tower height 50 m
M Tower modal mass 51020 kg
D Tower damping coefficient 2215.7
C Tower stiffness coefficient 9622.3
CEEStructHealth radionica, V. LeSi¢  23.03.2015. 19
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Experimental results

Generator torque (Nm)

Slip speed (rad/s)

> 8
--------- ¥
. Tg | §
i!‘ 4 - 4
O | | | | |
6 8 10 12 14
Slip angle (rad)
3 ]
12 l
- 1 |
il ol :
| ] 6 ‘ 10 12 14
10.3 10.4 105 10.6 10.7 10.8 Time (s)

CEEStructHealth radionica, V. LeSi¢  23.03.2015.

20




IFCUI

Inter-turn short ¢

lllll 1""
/
/ N
¢ ST — - ===
S —
¢ T - === ===
/
o
IIIII 1""'
||||| [©) [ ——
||||| [0
||||| N -2 2
/
/
A ———— [N ——
, 7
v ! T ——: n - - -
/
’
||||| < - C
||||| (o0 I —
||||| N T - C
||||| — -
/

Ul

21

23.03.2015.

CEEStructHealth radionica, V. LeSi¢



IFCUI

Inter-turn short ¢

\

short circuit
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~Stator insulation FTC
Inter-turn short circuit

short circuit
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~Stator insulation FTC
Inter-turn short circuit

short circuit
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Stator insulation FTC
Inter-turn short circuit
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Stator insulation FTC
Degraded insulation

Healthy insulation

U1
J. Yang et. al., “An advanced stator winding insulation quality

assessment technique for inverter-fed machines”, TIA 2008.
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Stator insulation FTC

Degraded insulation

Healthy insulation

N

] leak

U1
J. Yang et. al., “An advanced stator winding insulation quality

assessment technique for inverter-fed machines”, TIA 2008.

Degraded insulation

]ea
I, S -

1 1 dy(t)
R dt

Ip
iIeak (t) — E usx (t) ~

CEEStructHealth radionica, V. LeSi¢  23.03.2015. 22



Stator insulation FTC
Degraded insulation

Healthy insulation

] leak

U1
J. Yang et. al., “An advanced stator winding insulation quality

assessment technique for inverter-fed machines”, TIA 2008.
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Stator insulation FTC

» Generally: s
Vol =l st +0,) v
% =y, |@, cos(w,t + ¢, ) Vea
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Stator insulation FTC

» Option A - reduction of ¥, such that |v.|@. is kept
below the imposed limit
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Stator insulation FTC

» Option B - modulation of stator flux magnitude
w,|(t) such that the imposed restriction is matched
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Stator insulation FTC

» Triangular waveform of stator flux is achieved with
FOC and current control loops:

K wt+ @ @
t)=—fe " 5 (D) = K| t+ 22
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Stator insulation FTC

» Triangular waveform of stator flux is achieved with
FOC and current control loops:
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Stator flux modulation

» Periodic strengthening and weakening of machine

flux in the air gap
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Extension of WT control
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& characterisation |
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Simulation results

Stator flux in phases a,b,c (Wb) Stator flux derivative in phases a,b,c (Wb/s)
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Experimental results

Direct current (A) 084 Stator flux magnitude (Wb)
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Experimental results

Stator phase currents (A)
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MSG stator insulation FTC

Description Parameter | Value
Rated power Py 2 MW
Rated frequency In 12.64 Hz
Number of pole pairs P 32
Stator resistance Ry 0.01
Stator inductance in d-axis Ly 3 mH
Stator inductance in g-axis L, 3 mH
Permanent magnets flux Uy 12.9 Wb
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WRSG stator insulation FTC

WT operating area for K., = 600 Wb/s
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DFIG rotor insulation FTC

%

DFIG

N1

Description Parameter | Value

Rated power Pyn 1.5 MW
Rated frequency fn 50 Hz

Number of pole pairs P 2

Rated rotor speed Ny 1750 rpm
Rated slip Weln 0.1667

Rated stator current I, 1068.2 A (rms)
Rated rotor current Irn 1125.6 A (rms)
Rated stator phase voltage Usgn 398.4 V (rms)
Rated rotor phase voltage Urn, 67.97 V (rms)
Stator resistance R, 2.65 mf)
Rotor resistance R, 2.63 mf)
Stator inductance Lg 5.6436 mH
Rotor inductance L, 5.6086 mH
Mutual inductance L., 54749 mH
Rated rotor flux Upn 1.9073 Wh
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N
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Unconstrained optimal control

ia(s) 1 X{'Sd}
i(s) 1+z-s ) x. =Ax +Bu, Yo

u=i
va(s) L, f Y = CX, ; L

isd(s) _1+Tr°S / Y =V :Lllsd+rl//rd

r

Time-critical: T =200.s
Cost function:
- w4 (t) tracks reference Wy (t)

J=(C'X -R) Q(C'X ~R)=UTHU + fU +g
minimise J :> On-line control law:
H=B"CTQC’B’ Uo_tpyagr

f =2(XATCT —R"QC'B"

CEEStructHealth radionica, V. LeSi¢  23.03.2015. 35



Simulation results
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Simulation results - MPC

Direct stator flux component ¥ (Wb) Stator flux derivative in phases a,b,c (Wb/s)
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Utjecaj na sustav vjetroagregata




Structural loads

» Rotor cage defect fault-tolerant control
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Structural loads

MATLAB/Simulink

| o
| B
| . e
| o Pitch L p Wind Turbine
| Q Controller : (BLADED)
: iabc E
1 sk’ :
I T, Usa T n,T
! Opt. torque ) FTC T* Generator .8 &
: ieti g _ H g FOC usq _ . T

characteristic S-function S-function |
: Gearbox !
: 0 !
e 2 ;

CEEStructHealth radionica, V. LeSi¢  23.03.2015. 40



tructural loads in turbulent wind
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Structural loads in turbulent wind
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Power production quality

» Stator insulation fault-tolerant control

CEEStructHealth radionica, V. LeSi¢  23.03.2015. 42



Power production quality

: - : - grid
ch b ol |k gd e s

S A , S —  S— simplorer
\4 \4 \4
Field-oriented Voltage-oriented
control control

N\
A4

.| Fault-tolerant

{ control
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Power production quality

» THD increase from 2.51% to 2.95%

DC-link voltage (V) Phase voltage (V) and current (60 A)
710 T T T 400 T T T T T T I
Voltage I —— healthy
300+ N, FTC
705 B - - \ / Y
200f
700} : 4 100
- MMM
695} , .
-100f
6901 » 1 T200¢
-300f
685 i i i i i
0.3 0.4 0.5 0.6 0.7 0.8 0.9 -400

Time (s) Time (s)
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Smanjenje vibracija pri upravljanju
momentom generatora




Anisotropic FOC

— L, = Lygreer+ Linos €'

offset
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Anisotropic FOC

I—I — Loffset — I—I,t — Loffset °e@

Value
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Anisotropic FOC

I—I — Loffset — I—I,t — Loffset 'e@

L, = +L,,4°COS(2y) Value

—offset

dg model: _
L, =L..qSIN(2y)

46
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Anisotropic FOC

I—I — Loffset — I—I,t — Loffset °e@

L, = +L,,4°COS(2y) Value

—offset

L, = ~mod 'Sin( 27/)

Leakage inductance in d-axis (mH)

dg model:

60.012 60.016 60.02 60.024 60.028

Time (s)
CEEStructHealth radionica, V. LeSi¢  23.03.2015.
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Total anisotropy

Lig =L + Lipae - €OS(27,) + Lipg s -COS(275) G, o N
+ Liar - €OS(27,) + Lipap - €OS(274 ) 7 < N.o,
qu — erd,e 'Siﬂ( 27/e) + Lnnd,s °Sin( 27/5) Vi «—— Oy
+ Liga,r ~SIN( 2, ) + Lipap -SIN(274) ’p < N a,
N _/
» Stator anisotropy: » Rotor anisotropy:
- Saturation saliency ——  Cage defects S

- Slots anisotropy =~ —— * Bars anisotropy
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Anisotropic FOC

» Model di_, L —L

Uy +Au, =k i, +L, it kK, =R, - aT S
_ disq
Ug, +Ausq = Rslsq +L, it
» Conventional model
AU, = LST‘ S oL,
r L =1,
Ausq — _a)e(Ls o La )imr — @, Laisd
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Anisotropic FOC

' MOdeI usd +Ausd = kaisd T La dISd ka = Rs - La — LS
dt T
i
Ug, +Aug, = Ryl + L, it
» Anisotropic model
L2
L =L+
Id
L L _ L
Ausd - iusq _[Iq Rs — W, Lajisq +£ LS La — @, — I—sjlmr
Id Id r le
L L L
Ausd - _iusd +(Iq S +IqLS_a)eLajisd _[Iqs_l_a)e(l—s o La)jlmr
le le le Tr id "r
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Simulation results

116

112

108 -

25

20 |

15

10

5 6 7 8 9 10 11 12 13 14 15

Machine speed (rad/s)

IO s ttiosene o

5 6 7 8 9 10 11 12 13 14 15
Machine torque (Nm)

[‘ \‘\

Time (s)

10

Direct current component, i, (A)

5
0 | | | | | | | | |
5 6 7 8 9 10 11 12 13 14 15
Quadrature current component, isq (A)
15 T T T T T T

5 6 7 8 9 10 1" 12 13 14 15

©CO N MO

5 6 7 8 9 10 1" 12 13 14 15

Magnetizing current, i,,,.(A)

A A\t ey N s

Rotor flux position, p (A)

L I
9 992 994 09096

9.98 1 10.02 10.04 10.06 10.08 10.1

Ti \ (s)

Estimation turned on att=10 s
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R
Damage equivalent loads

» Cyclic stress on the shaft > causes material fatigue
» MLife toolbox, developed by NREL

Constant load Dynamical load
Damage Equivalent Loads (DELs) at 1Hz Damage Equivalent Loads (DELs) at 1Hz
15 w w 15 w :
Conventional Conventional
Anisotropic Anisotropic
_ 10y ~ 10+
5 :
_;’ 4o
E g
5/ 5|
0 : 0 :
» 66% reduction » 59% reduction
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Zakljucak

» Considered generator faults can be
suppressed by proper manipulation of
variables that cause rapid fault spreading

» The sooner the fault is detected, the more
power is extracted with proposed methods

» Methods offer additional reliability centered
maintenance possibilities

» Broad application in electrical drives

CEEStructHealth radionica, V. LeSi¢  23.03.2015. 52



Zahvala

Projekte CEEStructHealth 1 Will4Wind sufinancira Europska unija kroz
Europski fond za regionalni razvoj.

.
.,
N ... ..‘. Laboratorij za
Y @, sustave obnovljivih
.. .. R izvora energije
.o o

"0 8% vjetar vodik

Dodatne informacije:

m Y Ministarstvo

** : ** Ulaga nje STRUKTURNI | INVESTICIJSKI .. KON KU RE NTNA * i-..—- Zna nDSﬁ;
LR ‘nost! - FOND ZA ULAGANJE |y obrazovanja
o u buduénost! 'ﬁﬂNDOVl @ HRVATSKA U ZNANOST I INOVACLIE I‘-:-' o

Projekt je sufinancirala Europska unija iz Europskog fonda za regionalni razvoj

Sadrzaj ovog izlaganja iskljuCiva je odgovornost autora i ona ne odrazava nuzno
misljenje Europske unije.
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http://act.rasip.fer.hr/

Hvala na paznji!

http:/ /act.rasip.tfer.hr
vinko.lesic@fer.hr
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Machine losses

» Sinusoidal current vs squared voltage
increases iron losses by about 40%

Stator phase currents (A)

Faulty phase current spectrum

—
(=]

L L L L L L
22.12 22.13 22.14 22.15 22.16 2217 22.18
Time (s)

Magnitude of the harmonic

10 15
Order of the harmonic

» Increase in 3@ harmonic
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Wind farms in Croatia

Annual 3
. Installed power ; j : . Putin
Wind farm (MW) Region pr(()g\L;\;:ggon Wind turbine models operation
43 Sibensko-kninska Zupanija 100 19 x Enercon E-82 — 2.3 MW 2014.
42 LiCko-senjska Zupanija 125 14 x Vestas V90 - 3 MW 2011.
Splitsko-dalmatinska : g
40 >upanija 114 14 x Siemens SWT-3.0-101 — 3 MW 2013.
36 Zadarska zupanija 122 16 x Siemens SWT-93 - 2,3 MW 2012.
Dubrovacko-neretvanska
34 Zupanija 100 16 x Enercon E-70 — 2,3 MW 2012.
30 Sl @ el 81 20 x Acciona AW-1500 — 1,5 MW 2013
Zupanija ' '
Splitsko-dalmatinska 15 x Kon¢ar KO-VA 57/1 — 1 MW
17.5 Zupanija 30 +1 x Konéar VA K80 — 2,5 MW 2012.
11.2 Sibensko-kninska Zupanija 28 14 x Enercon E-48 - 0,8 MW 20086.
10 Sibensko-kninska Zupanija 27 7 x Leitwind LTW77 — 1,5 MW 2011.
& ; o T 11 x Enercon (3 x E-48 — 0,8 MW + 8
9.6 Sibensko-kninska Zupanija 25 x E-44 — 0.9 MW) 2009.
9.2 Zadarska zupanija 26 4 x Siemens SWT 93 — 2,3 MW 2013.
9 Zadarska zupanija 26 4 x Siemens SWT 93 — 2,3 MW 2011.
5.95 Zadarska zupanija 15 7 x Vestas V52 — 0,85 MW 2005.
Total 297.45 MW
DFIG WRSG SCIG PMSG
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http://hr.wikipedia.org/wiki/Vjetroelektrana_Danilo
http://hr.wikipedia.org/wiki/Vjetroelektrana_Vrataru%C5%A1a
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http://hr.wikipedia.org/wiki/Vjetroelektrana_Pometeno_Brdo
http://hr.wikipedia.org/wiki/Vjetroelektrana_Trtar-Krtolin
http://hr.wikipedia.org/wiki/Vjetroelektrana_Trtar-Krtolin
http://hr.wikipedia.org/wiki/Vjetroelektrana_Trtar-Krtolin
http://hr.wikipedia.org/wiki/Vjetroelektrana_Crno_Brdo
http://hr.wikipedia.org/wiki/Vjetroelektrana_Orlice
http://hr.wikipedia.org/wiki/Vjetroelektrana_Velika_Popina
http://hr.wikipedia.org/wiki/Vjetroelektrana_Velika_Popina
http://hr.wikipedia.org/wiki/Vjetroelektrana_Ravne_1

Unconstrained optlmal control

A*zog+ B*U,
_ *
isa(s) _ 1 . o Y y = C*'X,
Z:d(s) L+7s ¢'Pd ’ sd- Ty ] Ho L]
Vra(s) o L, ¥ T v 1 e )
isa(s) 1+1s Do e :
IN YN Un—1
Tpr1 = Axp+ Bug, Co1 T
yk — Cajk, A2 B ... ...
A*— | A B* — AB B
T T : i
- T, T ; — ) N N-1
o 1 TS 0 A . ﬂA B S
_ L,
C_[L; i ], o (.J C 0
0 0 C

* T *
J=(C'X-RfQC'X-R)=UTHU + fu+g y-_1
H = B*TC*TQC*B*
f=2x) A*TC*TQC*B* - 2R QC*B*,
=20 A*TC*"QC*A*zy — 2R"QC*A*zy + RTQR.
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Inverse current flow

Direct current component isd (A)

15

IRYBTRTAN

0 1
35.03 35.04 35.05 35 06 35.07 35.08
Time (s
/ \\ // N\

DC component AC component

R. Teodorescu, M. Liserre, P. Rodriguez, “Grid converters for
photovoltaic and wind power systems”
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