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Black start

* More wind in the grid.
» TSO’s looking into procuring black start services from wind power plants.

* Wind power plant operators can get flexibility for self-sustaining in case of
prolonged outages.

» Black start using pitch control will have a strong coupling between the
mechanical and electrical dynamics.
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Study Case Topology

Soft Start
CB LV and CB_HV closed
before energization B
CB_LV |
3
&
Hard Start
CB_HV |
CB LV closed, CB_HV
open before energization. - STg
CB_HV will switch in after — =
voltage is built by the WT. ) ~ U

Subsea array cable length per string: 12 — 15 km

—
(a E E © PROMOTioN — Progress on Meshed HVDC Offshore Transmission Networks
This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 691714. 5




PROMOTioN - WP16

Test cases

Energization Test Case Name Conditions
strategy

Softenergization ~ *  DLC1-2: Sm/s, with load Wind Conditions Specified by IEC 61400-1
- DLCL-2: 12m/s, with10ad |l cases are Design Load Cases
. DLCL-3: 12m/s, with load run with « DLC 1.2 — Power production with Normal
Co:ﬁg;'ion Turbulence Model (NTM)
¢ PLCLArTmis, wih load « DLC 1.3 — Power production with Extreme
- DLC2-3: 12m/s, with load Turbulence Model (ETM)
« DLC 1.4 — Extreme Coherent gust with
Direction change (ECD)
Hard energization *+ DLC1-2: 12m/s, No load, . DLC 2.3 — Extreme Operating Gust (EOG).

LVRT Strategy

No cosimulation, fixed PMSG
speed.
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Wind Turbine Black Start Validation
Cosimulation - PHiL Testbench
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Cosimulation - PHiL Testbench Concept

BLADED RT-LAB Power Hardware — Equipment under test
Mechanical Simulation Electrical Amplifier
Simulation Converter Converter
Generator Side Grid Side

N A ) T A A
o o 1 | 1 | AN
_|>_ A 1 L AN \
PMSG
<D IARAN Transformer ~ 12-15km
5 S Cable
ry
w w
-w
wind Turbine Converter Controller HW

Controller PLC
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Auxiliary Load

. .
ower Circuit
N /] son 3 @ Ny, INSEGE L
o AS *
)X lgen Vgen CB_Gen =| T ; o CB_grid
Power Amplifier Isolation Trafo DUT VSCyen DUT VSCyra
0-440 VLL 400V / 600V Vac=690 VLL Vac =690 VLL
126 A 100 kvA Vdc =1100V Vdc = 1100V
105 kVA 2% fsw = 2950 Hz fsw = 2950 Hz
PMSG Emulation

NARI Converter
Controller

NR B2B DUT

SFP

¥

| OPaLRT

Digital 1/O control signals (2)

A A
Ethernet UDP

Control room

o
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AUX_LOAD

lgrid  Vgrid

@ @ CB_HV =3 tgri Verldw

Autotrafo TR6 TR2 HV Cable Load Transformer
1MVA 1,25 MVA 1800 kVA 12 kv 630 kVA
690V /400V 400V /3,3 kV 3,6 kv /10,82 kv 25 mts 10 kv /400V
7.2% 8%
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Soft Start
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

i Wind Speed
1. Start sequence 25 . .

2. Blades pitch in

20
3. Generator speed
increases
15
Airgap torque e
Generator 0

Grid Side

Load 5T
Transformer

N o 0 b

Wind speed

0
0 20 40 il Ll 100 120 140 160 180

Time sec
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Soft Start NIEZ

DLC 1-3: 12 m/s, Nominal wind with extreme turbulence
Status
1. Start sequence ' T ' T | T ' T
2. Blades pitCh in ] -: - !_ ......................................................... -]
3. Generator speed 08 f 1
increases !
4. Airgap torque k¢ ! ]
5. Generator 8 oat |
6. Grid Side o B |
7. Load S : . _
Transformer 0 prosiensd A Brks Status ' -
0 EI{J 4I{J f:I{J EI{J ]{IIJ 1 i{J ]:HJ 1 fI:[J 180
Time sec
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0 T
Soft Start NI,
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

Blade 1 Pitch

1. Start sequence ! ' T ! | ! ! '
2. Blades pitch in
3. Generator speed

InCreases
4. Airgap torque
5. Generator
6. Grid Side
7. Load

Transformer Blade 1 Pitch

{:I i i i i i I i i i
0 20 40 i1l #0 100 120 140 160 180
Time sec
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Soft Start
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

éI}
N

Generator Speed

1. Start sequence 30
2. Blades pitch in sl
Generator speed

w

Increases 20
Airgap torque sl
g
Generator =
10 F

Grid Side

Load 5
Transformer

N o 0 b

— ien Speed
1 1

1 1 1 1 1 1
i) 20 40 i) R 100 120 140 160 180
Time sec
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Soft Start NI,
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

Generator Airgap Torque

1. Start sequence 4000 : . ; : : : : :
2. Blades pitch in 3200
3. Generator speed 00T

increases 2500 |
4. Airgap torque g 200r
5. Generator “ s
6. Grid Side oo
7. Load T

Transformer ik ——— Adrgap Torque Measured

0 0 EI{J 4I{J f:I{J hsl{J 1 {I}[J 1 é{l 1 =IHJ 1 fI:[J 18D

Time sec
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Soft Start
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

1.
2.

w

N o 0 b

Start sequence
Blades pitch in

Generator speed
increases

Airgap torque
Generator
Grid Side

Load
Transformer

G0

400

200

0

=200

400

=600

Generator Voltage
T T T T T T T T

- e Phage A Phase B

i i i i | i i i
0 20 40 60 &0 100 120 140 160 180
Time sec
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Soft Start NI
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

Generator Current

%(.m

1. Start sequence 150 T ' T T | ' T '
[]
2. Blades pitch in oo b
3. Generator speec
INcreases 30
4. Airgap torque o ol
5. Generator
. . S0
6. Grid Side
7. Load -100 |
Transformer - = —Phase A Phase B wesbeees, Phase C
. ] i{:l i i i i | i i i
0 20 40 &l a0 100 120 140 160 180
Time sec
e
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Soft Start NIEY
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

Grid Side Vol
1. Start sequence , , _ Grid Side Voltage

2. Blades pitch in 1000
Generator speed

w

InCreases 500 -
Airgap torque

= 0 s
Generator

Grid Side 500

Load
Transformer 1000 |

N o 0 b

210 215 220 225 230 235 240

Time sec
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Soft Start NI
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

G’”(.m

1. Start sequence Grid Side Current
2. Blades pitch in S 131.3 Apeak
100
3. Generator speec
increases 50
Airgap torque
- 0
Generator

Grid Side -50
Load

N o 0 b

Transfor er =100 / -124 6 Apeak
= = ~=Phase A Phase B «rosreeer: Phase C*
150 £ 1 1 1 1 1 1
210 215 220 225 230 235 240
Time sec
e
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Soft Start NIEY
DLC 1-3: 12 m/s, Nominal wind with extreme turbulence

Grid HY Load Transfomer Voltage
1. Start sequence . . . . .

2. Blades pitchin 300

3. Generator speed 200

increases 100
4. Airgap torque o 0
5. Generator 100
6. Grid Side 200
7. Load -300

Transformer o0k ~ = —PhaseA Phase B thesedssen Phase C

2 IJ 5 EIE{] Eiﬁ 1.:1{] 1.115 240

Time sec
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Hard Start - Fixed Speed PMSG Failed ®

Generator Voltage

1. Manual start 400 F . . . . : : : : : :
sequence 300

2. Generator 200
3. Grid Side 100
4. Load 0

Transformer 100
=200
-300
-400 Phase A Phase B Phase C
| | | | | | | | | |
30 40 50 60 70 80 90 100 110 120
Time sec
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Hard Start - Fixed Speed PMSG Failed ® NUEY

%(.m

Generator Current

1. Manual start
sequence 200

2. Generator
Grid Side

4. Load < (-
Transformer '

100

w

-100
-200
Phase A Phase B Phase C
_3[][] | | | | | | | | | |
30 40 50 60 70 80 90 100 110 120
Time sec
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Hard Start - Fixed Speed PMSG Failed ® NIEZ,

1. Manual start Grid Side Voltage

sequence 1000 — . 5 1
2. Generator o ¥ :
3. Grid Side

4. Load 0
Transformer

500

-500

-1000

i - — —AB BC ==eesmeeen CA*
-1500 1 1 1 1 1 1 1 1 1 ]

80 85 90 95 100 105 110 115 120
Time sec
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Hard Start - Fixed Speed PMSG Failed ®

Grid Side Current
T T T

él}
B/

1. Manual start 1000 [ . . . . /

sequence
2. Generator
Grid Side

4. Load
Transformer

1058 Apeak

500

w

=500
— — —Phase A Phase B ========== Phase C*
-1000 |
| | | |
80 85 90 95 100 105 110 115 120
Time sec
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Hard Start - Fixed Speed PMSG Failed ® NIEY.

Grid HV Load Transfomer Voltage
1. Manual start 400 F | | | . -

sequence
2. Generator
Grid Side

4. Load .
Transformer

300

200

w

100

-100

-200

-300

: == == = Phasg A —=—-— Phase B ========== Phase C
‘400 | | | |

119 119.5 120 120.5 121 121.5
Time sec
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Hard Start - Fixed Speed PMSG Success ©

1. Manual start
sequence

2. Generator
Grid Side

4. Load
Transformer

w
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Generator Voltage
4[][] T T T T T T

300
200

100

-400 — — —Phase A Phase B ========== Phase C

9 9.5 10 10.5 11 11.5 12 12.5 13 13.5
Time sec
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Hard Start - Fixed Speed PMSG Success © NUEY

%(.m

Generator Current
T T T T T T

1. Manual start 200 :
sequence

2. Generator
Grid Side

4. Load
Transformer

T T
y«— 174 Apeak

w

gl
’: ' — — =—Phase A Phase B ========== Phase C T
_"’[][] | | | | | | | | |
9 9.5 10 10.5 11 11.5 12 12.5 13 13.5 14
Time sec
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Hard Start - Fixed Speed PMSG Success © NUEY

1. Manual start
sequence

2. Generator
Grid Side

4. Load
Transformer

w

%(.m

Grid Side Voltage
T T T

1000

500

-500

-1000
- — =—AB BC ======m=== CA*
-1500 I I I I I I I ! I
9 9.5 10 10.5 11 I1.5 12 12.5 13 13.5
Time sec
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Hard Start - Fixed Speed PMSG Success ©

w

Manual start
sequence

Generator
Grid Side

Load
Transformer

800

-400

-600

-800
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Grid Side Current
T T T

Dl 665 Apeak

— — =—Phase A Phase B ==========: Phase C*
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Hard Start - Fixed Speed PMSG Success © NIEY.

1 Manual start Grid HV Load Transfomer Voltage

400 [ ' '
sequence o o
300
2. Generator
. . 200
3. Grid Side
100
4. Load
Transformer = 0
100 ¢
2200 -
=300 ¢ 3 :
[ [ = == = Phgse A Phase B Phase C
-400 b | | | | |
11.5 12 12.5 13 13.5 14
Time sec
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Hard Start - Fixed Speed PMSG Success ©

él?
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ation programme under grant agreement No 691714.

50 Grid HV Cable Current
T T T T T
1. Manual start .
seqguence ;i
2. Generator ;; b
e ki
3. Grid Side fifly ,
4. Load <0 e
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Transformer Eii ||| ]
b
5
i’.
II
! — — —Phase A —=—-— Phase B ========== Phase C*
_50 | | | | |
11.5 12 12.5 13 13.5 14
Time sec
e
(A ': E © PROMOTioN — Progress on Meshed HVDC Offshore Transmission Networks
= This project has received funding from the European Union’s Horizon 2020 research and innov: 03.05.16 30




PROMOTioN - WP16 &

Summary of results

» Soft start all tested cases were successful.

» Hard start is possible, but control of voltage in the generator will be crucial to be
successful. The success of this approach was not consistent due to the variable
current transient during energization of the transformer.
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