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PROMOTioN WP16 » CHIL Test Bench Demo
Agenda
CHIL CONVERTER CONTROLLER VALIDATION

Introduction and demonstrator description

CHIL validation of off-shore WT and WPP controllers for HVAC black
start operation

CHIiL validation of off-shore WT and WPP controllers for point-to-point
Diode Rectifier Unit (DRU) connections
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Work Packages

WP1 - Requirements for Meshed Offshore Grids - TenneT

WP2 WP3 WP4 WP5 WP6 WP15

Grid Topology WTG — HVDC Grid Test HVDC CB HVDC GIS
& Converters Converter Protection Systems Environment Performance Demonstrator
Interaction for HVDC CB Characterisation

RWTH Aachen TU KU Leuven DNV GL UniAberdeen

WP16 WP9 WP10

MMC Test Bench Demonstrator Protection System HVDC Circuit Breaker
Demonstration Demonstration

RWTH Aachen SHE Transmission DNV GL

WP11 - Harmonisation Towards Standardisation - DTU

WP 12 - Deployment Plan for Future European Offshore Grid - TenneT
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PROMOTioN WP16 - CHIL Test Bench Demo

Work Packages
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PROMOTioN WP16 - CHIL Test Bench Demo
Overview and Objectives of WP16

Motivation:

* Meshed offshore DC systems lead to novel
challenges for TSOs, manufacturers and grid
planners

» Experience missing concerning
* Multi-terminal operation
* Interaction with the large AC transmission

systems
« Interaction with offshore wind farms Objectives:
« Derive appropriate principles and policies to
Work Package 16: Investigation regarding the ensure interoperability between different
operation and control of meshed HVDC system components and technologies in meshed HVDC

offshore grids

v Power Hardware in the Loop (PHiL) Analvsis of h _ ] _
: :  Analysis of harmonic resonance phenomena in
v Control Hardware in the Loop (CHIL) offshore grids (analysis of the freq. dependent
v' Real-Time Simulation (RTS) impedance of MMC and WT-VSC)
» Demonstrate the operation of DRU
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WP16 — Internal Structure

MTDC Test Bench - PHiL DRU - WPP Harmonic Resonance Studies

Real Time AC Grid Simulator !

Hardware Test Bench

Offshore
DC Network | _

i

PROMOTioN WP16 - CHIL Test Bench Demo
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Test Cases

Demonstration of the controllability and
interoperability offshore MTDC
networks

= Grid & converter configurations
= Interaction MTDC network and OWP
= MTDC and OWP fault handling

= AC grid support with meshed
offshore grids

Test Cases

Demonstration of the operation of
DRU-enabled wind turbine control
systems

= in multi-terminal HVDC systems
= with actual wind turbine controls
= with commercial protection hardware

= black and brown start operation for
wind farms in islanded control

Test Cases

= Development and validation of
impedance models of wind turbine
and HVDC converters

= Analysis of harmonic stability and
potential interactions of active
components and the AC grid
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Grid Forming WTG/WPP Control Validation

Simulation Real Time CHIL ~  RealTimePHL

Requirements —{Voltage control capability, frequency control
1 capability, fault behaviour, block load, harmonics,
etc.
Scenarios
HVAC, HVDC Mainly adapted from NGET, Elia, but some of them

l left loosely defined on purpose to find limits of grid
forming technical capability

Test cases

1

Validation based on

simulations:
Generic Controllers
Vendor Specific Controllers
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Grid Forming WTG/WPP Control Validation

Requirements Validation based on Real Time Simulation
1 —_— £ roLrecuica
Scenarios DNV:-GL e’ DE VALENCIA
HVAC, HVDC WTG Multiple WTG Control
l Control Hardware in- Hardware in-the-loop
the-loop
Test cases
| WTG Multiple WTG+WPP
VERRET e FESEG] Gl Power Hardware in- Control Hardware_in-
- . ] the-loop the-loop + protection
simulations:
Generic Controllers 1 MW WTG converter relays

Vendor Specific Controllers
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. ° ° - ',m E VALENCIA DNV.GL
WP3 (Finished) (On-going)
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System Description

PROMOTioN WP16 - CHIL Test Bench Demo
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PROMOTioN WP16 - CHIL Test Bench Demo
Agenda
CHIL CONVERTER CONTROLLER VALIDATION

Introduction and demonstrator description
:t% PRGIMOITmN

CHiL validation of off-shore WT and WPP controllers for HVAC black
Start Operation Deliverable 3.7:

Compliance evaluation results using
simulations

Part I: WPP/WTG control for Self-Start and Black
Start

Part Il: WPP/WTG control for DRU Operation

CHiL validation of off-shore WT and WPP controllers for point-to-point
Diode Rectifier Unit (DRU) connections
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

System description:
 OWF of 400MW, consisting of 50 x 8BMW WTGs connected to a 66kV ac collector (1 detailed string + 5
aggregated strings)
» 460MVA off-shore transformer with a ratio of 66/220 kV.
» 75 km HVAC copper cable with a cross section of 1000mmz2.
« Shunt compensators at the on-shore end of the cable.
* 460MVA on-shore transformer with a ratio of 220/400 kV.

— WPP, — 400MW N
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Sequential Black Start

400MW
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Black Start procedure

+ WTG-1,1 energizes its transformer and the string 1 (soft energization).
» Synchronization of WTGs connected to string 1.

» Connected WTGs energize the string n.

» Synchronization of WTGs connected to string n.

» The Offshore Wind Power Plant energizes the offshore substation.

» The Offshore Wind Power Plant energizes the transport cable.

» The Offshore Wind Power Plant energizes the onshore substation.

» Synchronization to onshore grid.

* Power block delivery.
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Machine Side Converter Control: -
Back-End

Converter I
DCy

 Vector controlled, current loops not changed

* Active current used to control Edc (easy WTG
islanded operation).

» Feedforward compensation.

» Wind turbine aerodynamic control not changed

(torque / active power reference sent to Grid
Side Converter)

~
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

i
Grid Side Converter Control: B ||
o
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Start up and synchronization of the WTGs connected to the first string:
« WTG-1,1 soft energizes its transformer and string 1 (soft energization).

WTG-1,1 voltage WTG-1,1 P & Q

o ]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

WTG-1,1 current
1 =

0

o acifA, e




PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Connection of the second WT (WTG-1,2) transformer and synchronization
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Off-shore substation energization using POW
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Export cable energization (direct connection)
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PROMOTioN

Black-start from HVAC connected Off-shore Wind Farms

Export cable energization (direct connection)
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

On-shore substati g t (POW)




PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

On-shore substation energisation (POW)
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms
40 MW power block connection/disconnection

40MW block load connec tion MW block load dis ction

e S - W W W&W& i il

il
este I T 3

02 . . l 0.2 .
L0l J uls L0l ——————\
WTGsP & L : WTGsP = of
-0.1 L : L -0.1 . :
6.9 7 7.1

g
WTGs Q 027 ] WTGs Q




Voltage phase / magnitude
difference sent to WPP controller
every second

WPP controller changes off-shore
wind farm voltage and frequency set
point accordingly

Local synchronising relay closes
when voltage phase / magnitude is
below a threshold
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

Synchronisation to existing on-shore HVAC grid (t=2.56s)
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wind Farms

HVAC export cable fault

HVAC export cable fault is non-recoverable

Current limited during the fault (alternative set of relay
settings + differential protection)

When the fault is cleared the OWPP reverts to islanding
operation, supplying both WPP and off-shore substation
auxiliaries
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SOFT START OPERATION

All elements connected up to the on-
shore substation (off-shore
substation, export cable, onshore
substation)

WPP Controller ramps up reference
voltage set-point to all WTGs

0.9 pu voltage is reached in less than 2
seconds (can be longer)
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PROMOTioN WP16 - CHIL Test Bench Demo

Black-start from HVAC connected Off-shore Wlnd Farms
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Lessons Learnt

Grid Forming WTG control using CHIL validation has to be carried out with a sufficient number

of WTGs to ensure WT interaction effects are considered. In this way, interaction, resonance and protection
coordination issues can be identified at an early stage.

Proposed scheme can cater for DLL based controllers, DSP based controller and full control
cabinets.

Sequential black start procedure might lead to overvoltage/overcurrent due to inrush currents,

ferromagnetic oscillations and takes a relatively long time. can be done with careful studies and tests (including POW
switching with pole spread analysis).

Soft start leads to much faster energization time and minimises inrush current and oscillations.

Fault response and fault recovery is very important with a large number of grid forming WTGs.
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Lessons Learnt

CHIL validation of Grid Forming WTG controllers with a sufficient number of WTGs allow to

show WT interaction effects. In this way, interaction, resonance and protection coordination issues can be identified at an
early stage.

Proposed scheme can cater for DLL based controllers, DSP based controller and full control
cabinets.

Sequential black start procedure might lead to overvoltage/overcurrent due to inrush currents,

ferromagnetic oscillations and takes a relatively long time. can be done with careful studies and tests (including POW
switching with pole spread analysis).

Soft start leads to much faster energization time and minimises inrush current and oscillations.

Fault response and fault recovery is very important with a large number of grid forming WTGs.
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Agenda
CHIL CONVERTER CONTROLLER VALIDATION

Introduction and demonstrator description

CHIiL validation of off-shore WT and WPP controllers for HVAC black start
operation

Deliverable 3.1:
Detailed functional requirements to
WPPs

CHiL validation of off-shore WT and WPP controllers for point-to-point Diode
Rectifier Unit (DRU) connections
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Functional requirements for DRU operation
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CHIL Validation of WT and WPP controllers for DRU connection

POWFI QOWFI

~ OWEF, -400 MW - Grid forming WTs ~ ——>

Fault-1

DRU Platform-1

=
9x8 MW 72 MW ﬁﬁ —

64 MW i_D i

64 MW L} -

samw L
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L o——  AC DC
filters 06/43/43 kV filters
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1200 MW

HVDC link
+320kV

System description:

« 3 x OWF of 400MW, consisting of 50 x SBMW WTGs
connected to a 66kV ac collector (1 detailed string +
5 aggregated strings + 2 aggregated OWF)

* 3 DRU platform (DRU + ac filters + dc filters).

« £320 kV HVDC cable 150km.

* Onshore MMC 1200MW (401 levels).
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CHIL Validation of WT and WPP controllers for DRU connection

Grid Side Converter Control:

 Test with simple control based
on P/V, Q/w droops

PWTQWT

* Internal stationary frame voltage
and current loops

* Machine Side Converter control
the same as with the Black-start
case

* Power up with umbilical or using

WTG BESS back-up % V cap Oy

Wa g
b Current control Voltage control Reactive power control
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CHIL Validation of WT and WPP controllers for DRU connection

Dynamic voltage control during islanding operation (DRU not conducting)

WTG-1,1 voltage

WTGs Active Power

WTGs reactive Power

o
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CHIL Validation of WT and WPP controllers for DRU connection

Filter connection and change from islanded to connected operation
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CHIL Validation of WT and WPP controllers for DRU connection

Filter connection and change from islanded to connected operation

Fast power increased causes fast

MMC ac voltage

response on MMC ac voltage control loop.

This is a extreme case to illustrate fast
power restoration.

Active power ramps will be generally
slower.
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CHIL Validation of WT and WPP controllers for DRU connection

WPP production ramped down (from connected to islanding operation

WTG-1,1 voltage

WTGs Active Power

WTGs reactive Power ‘
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CHIL Validation of WT and WPP controllers for DRU connection

On-shore ac faults (ring-bus fault)

Capacitor and harmonic filter banks are
connected

Wind Turbines automatically compensate
excess reactive power

Active Power generation is ramped up to 1
pu in 200 ms (to check active power ramp-
up rate capability).

Extreme case, much slower ramp rates will
be used during normal operation.
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Lessons Learnt

CHiL validation of DRU enabled grid forming WTG has been shown.

Operational requirements, including normal operation, transition between operational modes
and fault response have been validated.

Fault response and recovery can be particularly challenging with a large number of converters.
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Conclusions

Early identification of interation issues by mean of
CHIL Validation of Grid Forming WT controllers.

Valid for both black-start and DRU controllers.

Keep an eye to the number of considered WTGs.
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On-shore ac faults (ring-bus fault)
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CHIL Validation of WT and WPP controllers for DRU connection
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