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Executive Summary
This is the summarised version of the second deliverable issued by DEMO #1 and
is dedicated to the operation and control behaviour of offshore wind farms (OWFs)
connected through high voltage direct current (HVDC) links based on the voltage
source converter (VSC) technology. The report covers the following aspects:
i)
Control of HVDC networks
Control objectives are described for four HVDC network topologies to transfer
power generated from:
o One OWF to one onshore AC grid;
o Three OWFs with AC interlinks to onshore AC grids;
o Three OWFs with DC interlinks to three onshore AC grids.
o Six OWFs with meshed DC interlinks to two onshore AC grids.
These HVDC networks represent building blocks for more complex meshed HVDC
offshore grids.
ii)
Description of key performance indicators (KPIs)
The MATLAB simulation models of wind turbine generators (WTGs) connected
through HVDC links developed by DEMO #1 have been tested with relation to:
o

Steady state AC/DC interactions – evaluates if HVDC networks and their
control algorithms achieve the expected steady state error, AC and DC
power quality and the power transfer capability of the converters.

o

Transient AC/DC interactions – evaluates dynamic power flows on the HVDC
networks under normal operating conditions due to variation of wind power
and under extreme conditions due to AC and DC faults.

o

Protection performance – evaluates the functionality and the performance
of HVDC link protection systems for fault location and clearance. Aspects
related to protection selectivity, peak current and clearance time are
considered.

o

DC inter-array design – evaluates the performance of a DC inter-array
topology on OWF security, operation and maintenance.

o

Resonances – evaluates potential resonance phenomena due to internal
inter-converter DC resonances, interaction with wind farm connections and
interaction with weak and strong AC grids.

o

Grid Code compliance – evaluates if the high level controllers meet the
requirements specified in National Grid’s Grid Code for active power control,
reactive power control and fault ride through capabilities.

iii)
Simulation results and discussions
Performance against the KPIs is assessed using simulation results for the HVDC
network topologies. This includes addressing interactions between WTGs, HVDC
converters with high level controllers, DC cables and onshore AC systems. The
simulation results show a good performance during normal and extreme operating
conditions and the tested KPIs are fully or partially met (as shown in the summary
Table).
It should be highlighted that the studies presented in this work have been based
on four specific HVDC system topologies. Simulation results indicate that
successful operation of HVDC networks is achieved, given a coordinated design of
system components and controller tuning of all units. To this end, prior knowledge
of system parameters has been fundamental to achieve a good system
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performance capable of meeting the KPIs defined earlier in the project. However,
even when the results obtained in DEMO #1 so far are reassuring, they do not
demonstrate that interoperability issues will not arise, if the network is designed
when the parameters of all the system components and controllers are
unavailable.
Resonances may occur on AC systems upgraded with power electronics and FACTS
devices if these operate at high switching frequencies (i.e. in the kHz range). It is
thus recommended to carry out further studies for MMC-HVDC networks
connected to AC grids with a significant presence of power electronics based
equipment.
iv)
Western Danish Grid Case Study
The HVDC-connected wind farms were implemented in DigSILENT PowerFactory
to integrate the HVDC networks (and their relevant converter controllers) into a
detailed model of a real-world AC power system (the Western Danish grid) for
power system security analyses and dynamic interactions studies.
v)

KPI Assessment Summary
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The table above shows a summary of the KPI assessment. As observed, most KPIs
are fully met. There are a couple of instances when the KPIs are partially met only.
These are related to the extreme operation of HVDC systems (e.g. fault studies)
and load rejection tests for Grid Code compliance, where converters are exposed
to overvoltage or are operated in overloaded conditions. However, these adverse
conditions are sustained for a very short time. The converter currents are also well
regulated, with braking resistors being used to protect converters when the
systems are exposed to overvoltage.
vi)

Future/ongoing work

The DEMO #1 MATLAB/Simulink simulation results have been compared with
those obtained using offline EMTP-RV models developed by HVDC converter
manufacturers from DEMO #2. Three simulation scenarios have been jointly
selected by partners from DEMO #1 and #2. As concluded in the report
“Comparison of simulation results from Demo 1 and Demo 2”, the simulation
results are similar. In addition, the MATLAB/Simulink models have been
published, together with the control algorithms, basic system topologies and a
user manual, as an ‘open-access’ toolbox for the grid connection of OWFs using
multi-terminal HVDC (MTDC) networks. The DEMO #1 and #2 comparison report,
and the toolbox and associated files are available to the public in the project
website (www.bestpaths-project.eu/en/publications).
A four-terminal MTDC grid experimental demonstrator has been developed in the
premises of SINTEF, Norway, to validate the effectiveness of the control
algorithms designed and modelled by DEMO #1 partners. The MTDC grid is based
on 50 kW MMCs. It includes an AC grid, an AC grid emulator, a WT emulator and
control systems based on OPAL-RT. The demonstrator is currently being
commissioned.
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List of Acronyms
AC
ACCB
DC
DCCB
FB
FRT
FSM
GSC
HB
HLC
HVDC
KPI

Alternating Current
AC Circuit Breaker
Direct Current
DC Circuit Breaker
Full Bridge
Fault Ride Through
Frequency Sensitive Mode
Grid-Side Converter
Half Bridge
High Level Controller
High Voltage Direct Current
Key Performance Indicator

LFSM

Limited Frequency Sensitive Mode

MMC

Modular Multilevel Converter

MTDC

Multi-Terminal HVDC

OWF

Offshore Wind Farm

PCC

Point of Common Coupling

sse

Steady State Error

THD

Total Harmonic Distortion

VSC
WFC
WTG

Voltage Source Converter
Wind Farm Converter
Wind Turbine Generator
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1. Introduction
The goal of DEMO #1 is to demonstrate the operation and control performance of
offshore wind farms (OWFs) connected through high voltage direct current (HVDC)
links based on the voltage source converter (VSC) technology. This report is the
summarised version of the second deliverable (D3.2) released in Work Package 3
(WP3) by DEMO #1. Its main objective is to use simulation models to test and derisk the behaviour of wind turbine generators (WTGs), HVDC links and onshore AC
systems during steady state and transient operating conditions.
This report follows a first deliverable (D3.1), where DEMO #1 partners reported
the development of individual models and control algorithms for WTGs, HVDC
cables, modular multi-level converters (MMCs) and high level controllers (HLCs).
MATLAB/Simulink has been employed as a simulation tool in D3.1.
This document describes four HVDC network topologies for grid connection of
OWFs to onshore AC systems:
o Point-to-point HVDC link: transfers power generated from an OWF to one
onshore AC system.
o Six-terminal HVDC system with AC links: transfers power generated from
three OWFs to three onshore AC systems using three different HVDC circuits
coupled using two offshore AC cables.
o Six-terminal HVDC system with offshore DC links: transfers power
generated from three OWFs to three onshore AC systems using three HVDC
circuits with two offshore DC interlinks.
o Twelve-terminal MTDC grid: transfers power from six OWFs to two onshore
grids, using a multi-terminal HVDC (MTDC) grid formed by six offshore
converters and six onshore converters with meshed offshore DC interlinks.
The HVDC network topologies represent building blocks for a meshed HVDC
offshore grid. The HVDC networks with converter controllers are modelled using
the MATLAB models developed by DEMO #1 partners. The simulation results are
analysed using the following key performance indicators (KPIs):
o

o

o

o
o

o

Steady state AC/DC interactions – evaluates if HVDC networks and their
control algorithms achieve the expected steady state error, AC and DC
power quality and the power transfer capability of the converters.
Transient AC/DC interactions – evaluates dynamic power flows on the HVDC
networks under normal operating conditions due to variation of wind power
and under extreme operating conditions due to AC and DC faults.
Protection performance – evaluates the functionality and the performance
of HVDC link protection systems for fault location and clearance. Aspects
related to protection selectivity, peak current and clearance time are
considered.
DC inter-array design – evaluates the performance of a DC inter-array
concept on OWF security, operation and maintenance.
Resonances – evaluates potential resonance phenomena due to internal
inter-converter DC resonances, interaction with wind farm connections and
interaction with weak and strong AC grids.
Grid Code compliance – evaluates if the HLC meet the requirements
specified in National Grid’s Grid Code for active power control, reactive
power control and fault ride through capabilities.

The same models have been also implemented into DigSILENT PowerFactory to
integrate the HVDC networks (and their relevant converter controllers) with a
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detailed model of a real-world AC power system (the Western Danish grid), in
order to perform security analyses on the resulting integrated AC/DC system and
to study the dynamic interactions via time domain RMS simulations.
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2. HVDC Network Topologies
This section describes the operation and control of four HVDC network topologies
based on VSC technology for grid connection of OWFs to onshore grids. The HVDC
topologies use MMCs with half bridge (HB) and full bridge (FB) submodule designs
for point-to-point and multi-terminal systems. The MTDC topologies use a mixture
of HB and FB converter stations with DC circuit breakers (DCCBs) that enable very
fast isolation of DC faults within 6 ms. This allows to demonstrate interoperability
of different submodule designs in the HVDC network.
2.1. Topology A: Point-to-Point HVDC Link
Figure 1 shows a point-to-point HVDC link, which transfers power generated by
an OWF to an onshore AC grid. It is the simplest HVDC network configuration. A
wind farm converter (WFC) transforms the AC current produced by the WTGs into
DC. Submarine HVDC cables connect the WFC to an onshore grid-side converter
(GSC), which transforms DC current back to AC for power transmission to the
onshore AC grid.
Offshore
Grid #1

WFC

Offshore

Onshore

GSC

Pg1,Qg1

Vac_w1

Onshore
AC Grid #1

Vdc_g1
DC CABLE
(100 km)

Pw1
AC Voltage
Control
|Vac_w1*|

fw1*

Vdc and Q
Controller

θw1*
Vdc_g1*

Qg1*

Figure 1: Point-to-point HVDC link with basic control blocks

The GSC controller regulates the DC voltage, Vdc_g1, of the HVDC network and
controls the reactive power, Qg1, transferred from the GSC to the onshore AC grid.
The WFC controller creates an AC voltage, with fixed amplitude, |Vac_w1|,
frequency, fw1, and phase angle, θw1, at the offshore AC grid (see Figure 1).

2.2.

Topology B: Six-terminal HVDC with Offshore AC links

Figure 2 shows a six-terminal HVDC system with basic control blocks to transfer
power from three OWFs to three onshore AC grids. This configuration represents
3 point-to-point HVDC links connected by offshore AC cables. This HVDC network
consists of three WFC and three GSCs. Each WFC interfaces an OWF to the HVDC
link. GSC #1 connects a HVDC link to an AC onshore grid (denominated Grid #1),
GSC #2 interface another HVDC link to Grid #2 and GSC #3 connects the third
HVDC link to Grid #3. WFC #1, WFC #2, GSC #1 and GSC 2# use MMC with a HB
submodule design and WFC #3 and GSC #3 use MMCs with a FB submodule
design.
Each WFC controller creates an offshore AC voltage and transfers power from the
offshore AC grid to the HVDC network, as shown in Figure 2. GSC #1, GSC #2
and GSC #3 use a DC voltage control mode, in which the d-axis channel regulates
the DC voltage and the q-axis channel regulates the reactive power at the GSC
terminal.
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Offshore
Grid #3

WFC #3

Offshore

Onshore

GSC #3

Vac_w3

Pg3,Qg3

Onshore
AC Grid #3

Pg2,Qg2

Onshore
AC Grid #2

Pg1,Qg1

Onshore
AC Grid #1

Vdc_g3

Pw3
AC Voltage
Control
AC interlink
(5 km)

Offshore
Grid #2

Vac_w3*

θw3* fw3*
WFC #2

Vac_w2

(Vdc vs. P) and Q
Controller

Vdc_g3*
DC
NETWORK

Qg3*
GSC #2

Vdc_g2
(100 km)

Pw2
AC Voltage
Control

Vdc_g2*

θw2* fw2*

Vac_w2*
Offshore
Grid #1

(Vdc vs. P) and Q
Controller

WFC #1

Qg2*
GSC #1

Vac_w1
Vdc_g1

Pw1
AC Voltage
Control
Vac_w1*

(Vdc vs. P) and Q
Controller

θw1* fw1*

Vdc_g1*

Qg1*

Figure 2: Six-terminal HVDC system with offshore AC links and basic control blocks

2.3. Topology C: Six-terminal HVDC with Offshore DC links
Figure 3 shows a six-terminal MTDC system with two offshore DC links and basic
control systems to transfer power from three OWFs to three onshore AC grids.
The HVDC network uses three WFCs, three GSCs and five HVDC cable circuits to
transfer power from the OWFs to the onshore grids and to interconnect the
onshore grids. WFC #1, WFC #2, GSC #1 and GSC 2# use MMC with HB
submodule design and WFC #3 and GSC #3 use MMCs with FB submodule design.
The WFC controllers create the offshore AC grid voltage. The GSCs use a Vdc vs. P
droop controller fitted to the d-axis channel to regulate the DC voltage of the
HVDC network and to share active power to the onshore AC grids. The q-axis is
used to regulate the reactive power at the AC-side of each GSC.

Offshore
Grid #3

WFC #3

Offshore

Onshore

GSC #3

Vac_w3

Pg3,Qg3

Onshore
AC Grid #3

Pg2,Qg2

Onshore
AC Grid #2

Pg1,Qg1

Onshore
AC Grid #1

Vdc_g3

Pw3
AC Voltage
Control
Vac_w3*
Offshore
Grid #2

(Vdc vs. P) and Q
Controller

θw3* fw3*
WFC #2

Vac_w2

Vdc_g3*

Qg3*
GSC #2

DC
NETWORK
Vdc_g2
(100 km)

Pw2
AC Voltage
Control
θw2* fw2*

Vac_w2*
Offshore
Grid #1

DC interlink
(5 km)

(Vdc vs. P) and Q
Controller

Vdc_g2*

WFC #1

Qg2*
GSC #1

Vac_w1
Vdc_g1

Pw1
AC Voltage
Control
Vac_w1*

θw1* fw1*

(Vdc vs. P) and Q
Controller

Vdc_g1*

Qg1*

Figure 3: Six-terminal HVDC system with offshore DC links and basic controls block
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2.4. Topology D: Twelve-terminal MTDC grid
Figure 4 shows the twelve-terminal MTDC grid to transfer power from six OWFs to
two different onshore AC grids. The HVDC network is formed by six offshore
converters linked on the DC side with a meshed MTDC grid configuration, which is
connected to six onshore HVDC converter stations. The onshore converters are
grouped into two groups of 3 converters each. The 3 converters within a group
are connected to the same AC grid to test possible interactions with AC networks.
Terminals WFC #1, WFC #2, GSC #1 and GSC #4 use MMCs with FB submodules.
The remaining terminals have submodules with a HB configuration.
Offshore

Onshore

GSC #6

Pg6,Qg6

Onshore
AC Grid #B

Vdc_g6

(Vdc vs. P) and Q
Controller

Vdc_g6*
DC
NETWORK

Qg6*
GSC #5

Pg5,Qg5

Vdc_g5
(100 km)

Offshore
Grid #3 Vac_w3

WFC #6

WFC #3

Vac_w6

(10 km)

Offshore
Grid #6

(Vdc vs. P) and Q
Controller

Vdc_g5*

Offshore
Grid #2 Vac_w2

θw3* fw3*

(5 km)

Vac_w3*

(10 km)

AC Voltage
Control

AC Voltage
Control
fw6* θw6*

(10 km)

Vdc_g4

Vac_w5

Offshore
Grid #5

(Vdc vs. P) and Q
Controller

Vdc_g4*
Pw5

θw2* fw2*

Vac_w2*
Offshore
Grid #1 Vac_w1

WFC #1

(1

0

km
)

Pw2
AC Voltage
Control

Offshore

Onshore

Qg4*

GSC #3

fw5* θw5*

Vac_w5*

WFC #4

Offshore
Grid #4

Pw4

Pw1

θw1* fw1*

AC Voltage
Control
fw4* θw4*

Onshore
AC Grid #A

Vdc_g3

(Vdc vs. P) and Q
Controller

Vdc_g3*
AC Voltage
Control

Pg3,Qg3

AC Voltage
Control

Vac_w4

Vac_w1*

Pg4,Qg4

Vac_w6*

WFC #5

WFC #2

Qg5*
GSC #4

Pw6

Pw3

DC
NETWORK

Qg3*
GSC #2

Pg2,Qg2

Vdc_g2

Vac_w4*
(100 km)

(Vdc vs. P) and Q
Controller

Vdc_g2*

Qg2*
GSC #1

Pg1,Qg1

Vdc_g1

(Vdc vs. P) and Q
Controller

Vdc_g1*

Qg1*

Figure 4: Twelve-terminal MTDC grid with meshed offshore DC links and basic controls block

The nominal power of each converter station is 1 GW, the onshore and offshore
AC voltages are 400 kV and 220 kV respectively, and the DC voltage is ± 320 kV.
The 220 kV AC voltage at the offshore network represents typical voltages used
in the 400 MW Horns Rev 3 and 600 MW Kriegers Flak OWFs, which are under
construction in Denmark. The short-circuit ratio of the onshore AC grids is 15
(strong grid) with an X/R ratio of 29. The converter stations are connected
following a symmetrical monopole configuration.
The WFCs regulate the offshore AC voltage to absorb the active power generated
by the OWFs. The GSCs use a Vdc vs. P droop to regulate DC voltage and to share
active power among the onshore converters. Reactive power is regulated at the
AC side of the onshore converters as shown in Figure 4.
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3. KPI Description
This section describes the KPIs used to test the performance of the proposed HVDC
network topologies, converter configurations and control algorithms modelled
using MATLAB. A number of indicators summarised in a single KPI will be used to
evaluate if the proposed converter configurations, HVDC network topologies and
control algorithms achieve the expected performance.
3.1. Steady State AC/DC Interactions
Steady state AC/DC interactions will be measured according to three different
aspects: steady state performance, AC and DC power quality and converter power
ratings.
3.1.1. Steady state Performance
In KPI 1.1.1, five components [c1, c2, c3, c4, c5] are used to evaluate the
performance of the converter controllers by measuring the steady state error of a
number of variables after a defined settling time.

Component c1 is defined as the steady state error of the active power after the
settling time of 100 ms for a step change no larger than Pmax [1]. It is calculated
using:
𝑐1 =

𝑃𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑃∗
𝑆𝑏𝑎𝑠𝑒

(1)

where Pactual is the active power injected into the grid, P* is the active power
reference fixed by the system operator or a HLC and Sbase is the base apparent
power of the MMCs (1 GVA). The target value of component c1 is 0.01 p.u.
Component c2 is defined as the steady state error of the reactive power after the
settling time of 100 ms for a step change no larger than Qmax [1]. It is calculated
using:
𝑄𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑄 ∗
(2)
𝑐2 =
𝑆𝑏𝑎𝑠𝑒
where Qactual is the reactive power injected (absorbed) into (from) the grid and Q*
is the set-point of reactive power specified by the system operator or a HLC. The
target value of component c2 is 0.01 p.u.
Component c3 is defined as the steady state error of the DC voltage at each
converter terminal after a settling time of 100 ms for a step change no larger than
10% of nominal DC voltage (i.e. 64 kV) [1]. It is calculated using:
𝑉𝑑𝑐_𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑉𝑑𝑐 ∗
(3)
𝑐3 =
𝑉𝑑𝑐_𝑏𝑎𝑠𝑒
where Vdc_actual is the measured value of DC voltage at the converter terminal, Vdc*
is the reference value of DC voltage defined by the system operator, and Vdc_base
is the base value of DC voltage (±320 kV). Indicator c3 is to evaluate the capability
of VSCs to maintain the DC voltage of HVDC networks. The target value of c3 is in
the tolerance range of ±0.005 p.u. for Vdc control mode or 0.02 p.u. for the Vdc
vs. P droop control mode [1].
Two more components, c4 and c5, are used to indicate the WFC control
performance. The settling time of c3 and c4 shall be no greater than 2 s from the
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application of a step change no larger than 10% and 2% of the nominal AC voltage
(i.e. 40 kV) and frequency respectively [2]. They are calculated using:
𝑉𝑎𝑐_𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑉𝑎𝑐 ∗
(4)
𝑐4 =
𝑉𝑎𝑐_𝑏𝑎𝑠𝑒
𝑐5 =

𝑓𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑓 ∗
𝑓𝑏𝑎𝑠𝑒

(5)

where Vac_actual is the measured value of offshore AC voltage, Vac* is the reference
value offshore AC voltage, Vac_base is the base value of AC voltage (400 kV), factual
is the measured frequency, f* is the reference value of offshore frequency and
fbase is the base frequency (50 Hz). The target value of c4 is 0.05 p.u. and the
target value of c5 is 0.01 p.u. of the rated frequency.
3.1.2. AC and DC Power Quality
In KPI 1.1.2, two components, [c1, c2] are used to evaluate the power quality of
the AC voltage and DC voltage.
Component c1 indicates if the harmonics of the AC voltages at the onshore and
offshore AC grids meet international standards (e.g. IEEE Standard 519, IEC
61400). The value of c1 is either 1 if the total harmonic distortion is within
permissible limits or 0 if the harmonics exceed these limits.
Component c2 indicates if the DC voltage ripple measured on the DC-side of the
HVDC converters is within permissible limits (i.e. 2% of rated value). The value of
c2 is either 1 if the DC voltage ripple is within the specified limit or 0 if the
harmonics exceed these limits.
3.1.3. Converter Power Ratings
In KPI 1.1.3, two components [c1, c2] are defined to evaluate the active power
capacity of VSCs. Component c1 indicates the ability of a VSC station to transfer
bidirectional maximum active power, between –Pmax and +Pmax. This is in line with
the European Network of Transmission System Operators for Electricity (ENTSOE) draft network code on HVDC networks, which specifies power flow reversal
requirements for VSC stations [3]. The value of c1 is either 1 or 0 depending on if
this requirement is fulfilled or not.

Component c2 indicates the overload capacity of a VSC station for a time less than
or equal to 3 s [4]. For an overloading condition of 1.05 p.u. of Pmax, the value of
c2 is either 1 or 0 depending on if the specified requirement is fulfilled or not.
3.2. Transient AC/DC Interactions
This section describes the KPIs to measure the performance of the system during
transient events. Particularly, the ability of the controllers to keep various
converter parameters within defined limits and to recover quickly from external
events is evaluated.
3.2.1. Normal Operation
Normal operation covers changes in power flow due to variations in wind farm
output, as well as re-distribution of power flows between the onshore nodes. A
KPI 1.2.1 is assessed using a number of simulation scenarios, and for each
simulation the following variables are measured for each terminal:
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c1: DC-Link voltage at the converter terminals.
c2: Cell capacitance value for each arm, giving the average of all cells in that arm.
c3: Converter arm current for each arm.
c4: Converter real and reactive power output.
c5: Converter AC terminal voltage.
For each of these variables, the minimum and maximum values are calculated
over all terminals. These values are evaluated against limits to determine whether
the simulation is successful or unsuccessful: if any value exceeds the limits then
the scenario is deemed as a failure and receives no points; otherwise it is
successful and receives 1 point. The limits are defined as follows:


DC voltage within the range 537 kV < Vdc < 704 kV. The lower limit is the
peak AC line voltage, while the upper limit is the 10% over-voltage limit
usually specified for the cables.



Cell capacitor voltage within the range 1,680 < Vcell < 2,320. The lower limit
is defined by the peak AC line voltage, while the upper limit is the same
quantity above the 2 kV nominal voltage, based on a ±320 kV system with
320 modules per arm and 2 kV nominal DC voltage per submodule.



Arm current not to exceed 1.2 p.u. (i.e. 1,915 A). The overload time
depends on the junction temperature safety margins used to design the
converter. If the converter is designed with significant safety margins, up
to 1.2 p.u. overload can be withstood for 3 to 5 s –hence contributing to
meet the N
services are not required, an overload capacity with lower safety margins
for only a few ms is necessary to ride through extreme transient conditions.



Apparent power not to exceed 1.05 p.u., i.e. 1,050 MVA.



Terminal voltage remains within ±5% of the nominal value, as defined in
the Grid Code for normal operation.

For the KPI to be met, 80% of the tests must be passed, across all scenarios and
network topologies.
3.2.2. Extreme operation
Extreme operation covers scenarios including onshore and offshore grid faults,
loss of wind farm connection and loss of DC line in a meshed system. KPI 1.2.2
is defined to assess the same variables as for normal operation. However, the
following component is also calculated: c6: System settling time.
DC-link voltage and cell capacitor voltage limits are as before. The arm current
limit is raised to 1.5 p.u., 2,390 A and the apparent power limit raised to 1.1 p.u.,
1,100 MVA. Terminal voltage must remain within ±10% of the nominal value,
allowed by the Grid Code for abnormal conditions. The terminal voltage limit does
not apply to terminals where a grid fault has occurred.
In the case of extreme operation, a test may receive half a point if any of the
limits have been exceeded but transient stability is maintained. To meet the KPI,
80% of the tests must be passed, across all scenarios and network topologies.
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3.3. Protection Performance
This KPI covers protection against faults in the DC network. Symmetrical poleground faults are instigated in various network locations. The following KPIs are
evaluated based on the performance of the protection system:
KPI 1.3.1: Protection Selectivity. This KPI evaluates the ability of the protection
system to determine the DC line on which the fault has occurred and isolate that
line, without isolating any healthy lines. The result is a 1 if selectivity is
demonstrated and 0 otherwise.
KPI 1.3.2: Peak Current. The converter station peak DC current during the fault
must be kept below 3 p.u. to demonstrate the ability of the protection system to
avoid damage to converter stations during fault conditions.
KPI 1.3.3: Clearance Time. The time between fault occurrence and the DCCBs
opening to isolate the faulted line is recorded. This must not exceed 6 ms in order
to limit the effects of the fault on the rest of the network.
3.4. DC Inter-array
Power electronics-based topologies have been proposed for the development of
DC inter-arrays. Their study has significant research value as many manufacturers
are starting to consider these topologies. Figure 5 shows a typical DC inter-array
circuit with two wind turbines and basic control blocks.

Figure 5: DC inter-array circuit with two wind turbines and basic controls block

3.4.1. Inter-array topology
To validate the DC inter-array topology, KPI 1.4.1 is defined to assess the number
of wind turbines needed to constitute each inter-array. The maximum value is 5
turbines per inter-array.
Simulations with the smallest as possible number of elements in the array are
performed to minimise computation requirements. The system is expected to
provide the target DC inter-array voltage for different power delivery cases, i.e.
at 20, 40, 60, 80 and 100% of the nominal power in the inter-array elements.
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3.4.2. Fault tolerance
KPI 1.4.2 is used to evaluate the tolerance of the inter-array to network faults.
The system must be designed to withstand at least a DC inter-array short circuit
without stopping the whole wind farm. A DC short circuit is simulated on the DC
side to test the effectiveness of protection control schemes, which have to react
without posing any risk to the system operation.
3.4.3. Power imbalance
Within an inter-array, each wind turbine may need to handle a different amount
of power. KPI 1.4.3 is defined to assess the power imbalance among the turbines,
with the target value being >3%.
The inter-array system is simulated with different power delivery values in each
wind turbine. The power delivery imbalance will be increased to determine the
maximum permissible value. This value will be defined using an iterative method,
where initially higher power steps will be tested and smaller steps used to calculate
the final value.
3.4.4. Motorising capability
KPI 1.4.4 is defined to assess DC inter-array motorising capability. The topology
of the inter-array and the wind turbine converters have to allow wind turbine
motorising for maintenance tasks. This requirement implies that each wind turbine
must be able to deliver and consume active power. Simulations with the maximum
output power in both directions will be presented.
3.5. Resonances
As the topologies contain several pre-compiled functions, including the wind farm
control blocks and the universal line model, it is not possible to create a smallsignal linearization to investigate possible resonances. For this reason, potential
resonances are evaluated using a frequency sweep of perturbations of different
signals or through a current injection at key points in the DC or AC networks. The
two main types of resonance of interest are discussed below.
3.5.1. Resonances with AC system
The absence of a detailed AC grid model within the MATLAB/Simulink model means
that a full study of possible resonances with the AC grid cannot be carried out, but
some isolated interactions can be studied. Three tests are carried out to
investigate AC interactions:




Perturbation of the wind farm power, measuring the effect on the offshore
HVDC voltage and the onshore power transfer.
Current injection in the 220 kV offshore network, measuring the effect on
the 33 kV offshore collection network and the offshore HVDC voltage.
Perturbation of the grid frequency reference, measuring the effect on the
onshore power transfer and the HVDC voltage.

3.5.2. Internal DC resonances
Resonances within the DC network are analysed by injecting current at various
points on the network and measuring the effect on the DC voltage. DC voltage
was chosen as the measurement as it determines the power transfer within the
network. Resonances can be due to either control system interactions or the
interactions of passive components.
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3.6. Grid Code Compliance
UK National Grid’s Grid Code is selected as a reference for this study [2]. A number
of indicators summarised in a single KPI will be used to validate if the proposed
converter configurations, HVDC network topologies and control algorithms will
have achieved the minimum connection requirements established by the Grid
Code. These will be measured in three different areas: active power control,
reactive power control, and fault ride through performance.
3.6.1. Active Power Control
KPI 1.6.1 evaluates the capability of the converter to modulate/limit its active
power in case of grid frequency variations. This is done by measuring the steady
state error in active power after a defined settling time. Therefore, this steady
state error is the only component [c1] for this KPI.
Component c1 is calculated as follows:
𝑐1 =

𝑃 − 𝑃∗
∙ 100 (%)
𝑆𝑏𝑎𝑠𝑒

where P is the steady state active power measured after a settling time less or
equal to 10 s (according to the Grid Code) and P* is the active power reference
set by the frequency controller as a function of the frequency variation.
The power reference not only depends on the frequency variation but also on the
frequency mode. In the case of a Limited Frequency Sensitive Mode (LFSM) and
an inverter operation of the converter, the DC converter must reduce its power
from 49.5 Hz with a linear relationship such that if the frequency drops to 47.8 Hz
then the active power input decreases by more than 60% (as indicated in CC.6.3.3
of the Grid Code). On the other hand, if the converter is working as a rectifier in
LFSM, a 2% of power reduction must be achieved for every 0.1 Hz of frequency
rise above 50.4 Hz as indicated in BC.3.7.1. Therefore, in both cases, the
converter must be able to reduce its power output to a value equal or less to the
limit specified by the Grid Code with an allowed tolerance of 5% (|c1|≤5%).
While the LFSM mode is compulsory with limits established by National Grid, a
Frequency Sensitive Mode (FSM) is optional and agreed with National Grid. The
active power reference in the FSM is calculated as a function of the frequency drift
and the configured droop constant. In this case the previous target value of
(|c1|≤5%) does not apply, and the requirement is to provide the minimum
frequency response established by the Grid Code for this mode (active power
change of at least 10% for a frequency variation of 0.5 Hz).
3.6.2. Reactive Power Control
KPI 1.6.2 evaluates the capability of the converter to provide reactive power to
participate in grid voltage support. This is done by measuring the steady state
error of the reactive power after a defined settling time. Therefore, such steady
state error is the only component [c1] for this KPI.
Component c1 is calculated as:
𝑐1 =

𝑄 − 𝑄∗
∙ 100 (%)
𝑆𝑏𝑎𝑠𝑒
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where Q is the steady state reactive power within a settling time which must be
less or equal to 1 s (CC.6.3.2 of Grid Code) and Q* is the reactive power reference
set by the voltage controller as a function of the voltage variation. The reference
value is calculated as a function of the voltage change and the configured droop
constant. By default, the droop constant is set to 5%, what means that maximum
lagging or leading reactive power must be provided if the voltage at the point of
common coupling (PCC) varies ±5% with respect to the nominal value. A tolerance
of 5% is permitted between the reference and the measured value (|c1|≤5%).
3.6.3. Fault Ride Through
KPI 1.6.3 evaluates the fault ride through capability of the converter under the
different faults conditions indicated in CP.A.3.5.1 and checks if the minimum
requirements established in CC.6.3.15.1 of the Grid Code are fulfilled. The Grid
Code distinguishes between short (<140 ms) and medium-large faults (>140 ms),
with different requirements for each. Hence, the KPI is formed by a vector with
the following components [c1<140ms, c2<140ms; c1>140ms, c2>140ms].
The requirements for short faults are indicated CC.6.3.15.1(a) of the Grid Code.
The first requirement is that the converter shall remain stable and connected
during a fault clearance time higher than 140 ms. Therefore, the component
c1<140ms must be above 140ms. Component c2<140ms is the active power within 0.5s
from the restoration of the voltage and must be equal or above 90% of the prefault value. This value is calculated as follows:
𝑐2<140𝑚𝑠 =

𝑃𝑓𝑎𝑢𝑙𝑡(∆𝑡=0.5𝑠)
∙ 100(%)
𝑃𝑓𝑎𝑢𝑙𝑡

The test analyses the fulfilment of these requirements under balanced and
unbalanced short faults.
The requirements for medium-large faults are indicated CC.6.3.15.1(b) of the Grid
Code. In this case, the converter must be also connected and stable during the
fault as in the previous case. Component c1>140ms is related to maintaining the
active power output at least in proportion to the retained voltage. It is calculated
as follows:
𝑃𝑓𝑎𝑢𝑙𝑡
𝑐1>140𝑚𝑠 =
∙ 100(%)
𝑃𝑝𝑟𝑒𝑓𝑎𝑢𝑙𝑡
and must be equal or above the following value:
𝑐1>140𝑚𝑠 ≥

𝑉𝑓𝑎𝑢𝑙𝑡
∙ 100(%)
𝑉𝑛𝑜𝑚

The second component for medium-large faults (c2>140ms) is the active power
within 1 s from voltage restoration and must be equal or above 90% of the prefault active power. This value is calculated by the following expression:
𝑐2>140𝑚𝑠 =

𝑃𝑓𝑎𝑢𝑙𝑡(∆𝑡=1𝑠)
∙ 100(%)
𝑃𝑓𝑎𝑢𝑙𝑡

The test analyses the fulfilment of these requirements under balanced with
different depth and duration.
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4. Simulation Results
This section summarises the simulations results used to make the KPI assessment
of the HVDC network topologies described in Section 3. It also includes several
tables illustrating the degree of KPI compliance via numerical results.
4.1. Steady State AC/DC Interactions
Steady-state AC/DC interactions (steady state performance, AC and DC power
quality and converter power rating) are assessed by varying the reference values
of the converter control parameters. The simulation tests for KPI assessment are
described in Table 1.

Active
power

The active power set point, P*, of a GSCs in power control
mode was changed from -1000 MW (-1 p.u.) to -500 MW
(-0.5 p.u.) at 1.5 s. The ramp rate limiter was set to 10
GW/s. The reactive power was kept at 0 p.u.

AC voltage

The Vac*of an offshore converter (WFC) was changed from
1 p.u. (3.8 kV) to 0.9 p.u. (3.42 kV) at 1.5 s.

DC voltage

The Vdc* of a GSC in DC voltage control mode was changed
from 640 kV (1 p.u.) to 576 kV (0.9 p.u.) at 1.5 s.

Offshore
frequency

The frequency set point, f*, at an offshore converter (WFC)
was changed from 49 Hz to 50 Hz at 1.5 s.

THD due to
change in Q

The Q* of a GSC (in DC voltage or power control mode)
was changed from 1 p.u. (1 GVAr) to 0.5 p.u. (0.5 GVAr)
at 1.5 s. The ramp rate was set to 10 GVAr/s.

THD due to
change in P

The P* of GSC (in power control mode) was changed from
-1 p.u. (1 GW) to -0.5 p.u. (0.5 GW) at 1.5 s. A ramp rate
limitation of 10 GW/s was used.

Power
Reversal

The converter power was reversed from 1000 MW to -1000
MW at 1.5 s while the reactive power was kept at 0 VAr. A
ramp rate limitation of 10 GW/s was used.

Overloading

The P* of a GSC was increased from 1 p.u. to 1.05 p.u. at
1.5 s while the reactive power was kept at 0 VAr.

Steady-State Performance

Reactive
power

The reactive power set point, Q*, of a GSC in reactive power
control mode was changed from 330 MVAr (1 p.u.) to 165
MVAr (0.5 p.u.) at 1.5 s. The ramp rate limiter was set to
10 GVAr/s and active power was controlled to 0 p.u.

AC and DC
Power Quality

Test description

Converter
Power Rating

Table 1: Test description for KPI 1.1
KPI 1.1
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Table 2 shows the relevant plots taken from selected converters for the steady state AC/DC interaction tests. These results
correspond, from left to right, to the point-to-point HVDC link (see Figure 1), six-terminal HVDC grid with offshore AC links
(see Figure 2), six-terminal HVDC grid with offshore DC link (see Figure 3) and twelve-terminal MTDC grid (see Figure 4).
Table 2: Simulation results for steady state AC/DC interactions

Topology B

Topology C

Topology D

Test not applicable

Test not applicable

DC voltage

Active power

Reactive power

Topology A

23

Demo 1 – Results and conclusions from simulations and studies
``

THD (P change)

THD (Q change)

Frequency

AC Voltage

July 2017

Test not applicable

Test not applicable
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Power reversal

Test not applicable

Test not applicable

Overloading

July 2017

Test not applicable

Test not applicable

As it can be seen in Table 2, the converter parameters (Q, P, Vac, Vdc and f) have a negligible steady state error (denoted as
“sse”), hence KPI 1.1.1 is met. In Topology D, there is an error of 0.73% between the AC voltage set-point and measured
values due to the absence of an integrator in the outer control loop of the island mode. However, this value of error is within
permissible limits (< 5%) and thus the KPI requirement is satisfied. Although the transient response of the measured offshore
frequency is influenced by the dynamics of the PLL, the real frequency of the AC voltage generated by the offshore converters
follows the frequency reference. The frequency reference generator was modified by integrating the reference frequency to
achieve a uniform response of measured frequency at the PLL in all four topologies.
KPI 1.1.2, which describes AC and DC power quality, is satisfied as the steady state AC line to line voltages have a total
harmonic distortion (THD) of 1% and the DC voltage ripples are less than 0.083% in steady state. For KPI 1.1.3, the active
power reversal and overloading capability of the converter stations is assessed and this KPI requirement is satisfied. In
Topologies A and B, onshore and offshore MMC stations regulate DC voltage and AC voltage, respectively, and the active power
flow through the HVDC links depends on the wind power generation. There is no requirement for the MMC to regulate active
power. Therefore, the tests for Active Power, THD (P), Power Reversal and Overloading are not applicable to Topologies A and
B.
Table 3 shows a summary of numerical values measured on all converter terminals for Topologies A, B and C.
Table 4 shows the numerical values of simulation results for the offshore terminals and onshore terminals in Topology D.
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Table 3: Summary of simulation results for steady AC/DC interactions on Topologies A, B and C.
KPI tests
1.1.1 (a)
1.1.1(b)
1.1.1(c)
KPI
1.1

1.1.1(d)
1.1.1(e)
1.1.2(a)
1.1.2(b)
1.1.3(a)
1.1.3(b)

2-T (Topology A)
WFC
GSC
0%
0%
-

Q (sse)
P (sse)
Vac (sse)
Vdc (sse)
f (sse)
THD (Q change)
Vdc ripple (Q change)
THD (P change)
Vdc ripple (P change)
Power reversal
Overload Capability

0%
-

0%
1%
0.05%
-

WFC1
-

6-T-AC (Topology B)
WFC2 WFC3 GSC1 GSC2
0%
-

0%
-

-

-

GSC3
0%
-

WFC1
-

0%
1%
0.05%
-

-

6-T-DC (Topology C)
WFC2 WFC3 GSC1 GSC2
0%
-

Table 4: Summary of simulation results for steady-state interactions on Topology D

KPI tests

KPI
1.1

1.1.1 (a)
1.1.1 (b)
1.1.1 (c)
1.1.1 (d)
1.1.1 (e)
1.1.2 (a)
1.1.2 (b)
1.1.3 (a)
1.1.3 (b)

P (sse)
Q (sse)
Vdc (sse)
Vac (sse)
f (sse)
THD (Q change)
Vdc ripple (Q change)
THD (P change)
Vdc ripple (P change)
Power reversal
Overload Capability

12-T (Topology D)
Offshore
Onshore
terminals
terminals
0%
0%
0%
0.73%
0%
<0.45%
<1%
<0.083%
<0.083%
<0.45%
<1%
<0.083%
<0.083%
OK
OK
OK
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0%
-

-

-

GSC3
0%
0%
1%
0.05%
1%
0%
0%
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4.2. Transient AC/DC Interactions
This section shows the simulation tests and results used to assess the transient
AC/DC interactions for normal operation and extreme operation. Table 5 is a
summary of the simulation tests.
Table 5: Test description for KPI 1.2

Extreme Operation

Normal Operation

KPI 1.2
Vary wind
farm power
output at
once

Test Description
Increase all wind farm power from 0.5 p.u. to 1 p.u. at t =
2 s for a duration of 2 s. Then, reduce the wind farm power
output to 0.25 p.u.

Wind power
variation of
wind farms
one at a time

Increase one wind farm power from 0.5 p.u. to 1 p.u. at t
= 2s, then at t = 2.5 s, increase another wind farm power
from 0.5 p.u. to 1 p.u. and at t = 3 s increase power from
0.5 p.u. to 1 p.u. at third wind farm and so on. After the
final ramp command is issued, ramp down each individual
wind farm to 0.25 p.u., at 0.5 s intervals, starting from the
first wind farm that was ramped up.

Reallocation
of power
between
onshore AC
nodes

Increase the GSC active power reference from 0 p.u. to 1
p.u. at t = 2 s, sourcing onto grid. Ramp up all wind farm
power from 0.5 p.u. to 0.75 p.u. at t = 4 s, then ramp down
the power to 0.25 p.u. at t = 8 s. Decrease the GSC active
power reference to -0.5 p.u. at t = 10 s, sinking from grid.

Sinking Power

Disconnect the OWFs and apply a symmetrical onshore
fault (with 0.9 p.u. voltage dip) at t = 2 s for a fault
duration of 0.1 s.

Sourcing
Power

Set wind farm power to 1 p.u. and apply a symmetrical AC
fault to an onshore grid at t = 2 s for a fault duration of 0.1
s. Operate all the GSCs as sourcing nodes which contribute
to DC voltage control using a Vdc - Q control with P vs. Vdc
droop mode. Dissipate excess power using a braking
resistor at the GSC.

Offshore AC
Grid fault

Apply a symmetrical fault at the offshore AC network at t
= 2 s, for a duration of 0.1 s. Detect fault at WFC connected
to faulty network and reduce the WFC modulation index to
avoid an overcurrent condition. Use a DC chopper to
protect the affected wind farm. Continue normal operation
of undisturbed converters and OWFs.

Loss of wind
farm

Disconnect an OWF at t = 2 s and Operate remaining wind
farms and converters in normal operation.

Loss of
individual line
in DC mesh

Disconnect a DC line of a meshed offshore DC network at t
= 2 s. Operate remaining DC lines, power converters and
wind farms in normal operation and at nominal power.

The control modes of the GSCs used to assess KPI 1.2 depend on the HVDC grid
topology and operating condition (i.e. normal or extreme).
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Table 6 shows relevant plots taken from selected converters for the transient AC/DC interaction tests.
Table 6: Simulation results for transient AC/DC interactions

6-T (Topology B)

6-T (Topology C)

Windpower change one at a time

Windpower change at once

2-T (Topology A)

Test not applicable
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Sinking power

Reallocation of power

July 2017

Test not applicable

Test not applicable

Test not applicable

Test not applicable
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Offshore grid fault

Sourcing power

July 2017
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Loss of individual DC line

Loss of wind farm connection

July 2017

Test not applicable

Test not applicable

Test not applicable
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Table 7: Summary of simulation results for transient AC/DC interactions
KPI tests

KPI
1.2

1.2.1 (a)
Variation of
wind input
power (at
once)

1.2.1 (b)
Variation of
wind input
power (one
at a time)

1.2.1 (c)
Reallocation
of power
between AC
nodes

1.2.2 (a)
Sinking
power

Max DC
voltage (kV)
Min DC
voltage (kV)
Max cell
capacitor (kV)
Min cell
capacitor (kV)
Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)
Min terminal
voltage (p.u.)
Max arm
current (kA)
Max DC
voltage (kV)
Min DC
voltage (kV)
Max cell
capacitor (kV)
Min cell
capacitor (kV)
Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)
Min terminal
voltage (p.u.)
Max arm
current (kA)
Max DC
voltage (kV)
Min DC
voltage (kV)
Max cell
capacitor (kV)
Min cell
capacitor (kV)
Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)
Min terminal
voltage (p.u.)
Max arm
current (kA)
Max DC
voltage (kV)
Min DC
voltage (kV)
Max cell
capacitor (kV)
Min cell
capacitor (kV)
Peak
apparent
power (GVA)

2-T
(topology A)
WFC#1,
GSC#1
655

6-T-AC
(topology B)
WFC#1 to
#3; GSC#1
to #3
651.900

6-T-DC
(topology C)
WFC#1 to
#3; GSC#1
to #3
656.580

620

624.100

615.270

2.074

2.046

2.062

1.933

1.938

1.936

1.0024

1.0009

1.0008

1.017

1.002

1.002

1.002

0.9996

0.9996

0.9996

0.9986

1.58

1.56

1.50

-

652.950

653.670

-

622.370

618.590

-

2.046

2.060

-

2.000

1.958

-

1.0009

1.0025

-1.56 kA peak Terminal
WFC #1toWFC #6
6.43 kV Terminals WFC
#1, to WFC #6
6.15 kV Terminals WFC
#1, to WFC #6
2.033 kV Terminals
WFC #1, to WFC #6
1.915 kV Terminals
GSC #1, to GSC #6
1 GVA

-

1.0019

1.0018

1.0026

-

1.0000

0.9998

0.9987

-

1.75

1.51

-

-

655.190

-

-

607.220

-

-

2.055

-

-

1.956

-

-

1.0074

-1.75 kA peak Terminal
WFC #1toWFC #6
660 kV Terminals GSC
#4, to GSC #6
575 kV Terminals GSC
#4, to GSC #6
2.05 kV Terminals GSC
#3 and GSC #4
1.85 kV Terminals GSC
#3 and GSC #4
1040 MVA

-

-

1.0017

1.0026

-

-

0.994

0.9947

-

-

1.55

-

-

-

-

-

-

-

-

-

-

1.66 kA peak Terminal
GS #3
681 kV Terminal GSC
#4, #5, #6
543 kV Terminal GSC
#4, #5, #6
2.104 kV Terminal GSC
#4, #5, #6
1.888 kV Terminal GSC
#4, #5, #6
1.27 GVA Terminal GSC
#4, #5, #6

682.060
469.360
2.096
1.898
1.14

12-T (topology D)
WFC#1 to #6; GSC#1
to #6
646 kV Terminals WFC
#1, to WFC #6
612 kV Terminals WFC
#1, to WFC #6
2.035 kV Terminals
WFC #1, to WFC #6
1.912 kV Terminals
GSC #1, to GSC #6
1 GVA Terminals WFC
#1, to WFC #6
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Max terminal
voltage (p.u.)

-

-

Min terminal
voltage (p.u.)

-

-

Max arm
current (kA)
Settling time
(s)
Max DC
voltage (kV)
Min DC
voltage (kV)
Max cell
capacitor (kV)
Min cell
capacitor (kV)
Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)

-

-

-

-

682

683970

1.0033

0.9916

1.2.2 (b)
Sourcing
power

703320
622

622641

2.161

2183

1.897

1862

1.58

1.60

1860
1.58

1.0175

1.005

1.0027

1.0025

1.001

1

Max arm
current (kA)
Settling time
(s)
Max DC
voltage (kV)

2.112

2.1

0.1

0.8

2.1
0.15

690

710

677.520

Min DC
voltage (kV)

571

613

582.830

Max cell
capacitor (kV)

2.170

2.445

2.233

Min cell
capacitor (kV)

1.861

1.784

1.775

Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)

2.125

2.1

2.15

1.0445

1.006

1.0045

Min terminal
voltage (p.u.)

0.08

0.98

0.9937

Max arm
current (kA)

2.635

2.5

2.17

Settling time
(s)

0.3

0.5

0.12

Min terminal
voltage (p.u.)

1.2.2 (c)
Offshore
grid fault

0.1

633220
2178

1.0789 Terminal GSC
#4, #5, #6 (terminals
connected to the faulty
grid)
1.0131 Terminal GSC
#1, #2, #3 (terminals
connected to the nonfaulty grid)
0.9842 Terminal GSC
#1, #2, #3 (terminals
connected to the nonfaulty grid)
-1.75 kA peak Terminal
GSC #4, #5, #6
0.4 s
682 kV Terminal GSC
#4, #5, #6
618 kV Terminal GSC
#4, #5, #6
2.124 kV Terminal GSC
#4, #5, #6
1.894 kV Terminal GSC
#4, #5, #6
1.2 GVA Terminal GSC
#4, #5, #6
1.065 Terminal GSC
#4, #5, #6 (terminals
connected to the faulty
grid)
1.0079 Terminal GSC
#1, #2, #3 (terminals
connected to the nonfaulty grid)
0.9974 Terminal GSC
#1, #2, #3 (terminals
connected to the nonfaulty grid)
1.86 kA peak Terminal
GSC #3
0.3 s
652kV Terminal WFC
#1 (terminal connected
to the faulty grid)
619 kV Terminal WFC
#1 (terminal connected
to the faulty grid)
2.226 kV Terminal WFC
#1 (terminal connected
to the faulty grid)
1.784 kV Terminal WFC
#1 (terminal connected
to the faulty grid)
2.1 GVA Terminal WFC
#1 (terminal connected
to the faulty grid)
1.0026 Terminal GSC
#1, #2, #3, #4, #5,
#6
0.9974 Terminal GSC
#1, #2, #3, #4, #5,
#6
-2.5 kA peak Terminal
WFC #1 (terminal
connected to the faulty
grid)
0.4 s
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1.2.2 (d)
Loss of
wind farm
connection

1.2.2 (e)
Loss of
individual
line in DC
mesh
connection

Max DC
voltage (kV)

650

693.300

652

Min DC
voltage (kV)

599

596.938

593

Max cell
capacitor (kV)

2.068

2.034

2.057

Min cell
capacitor (kV)

1.914

1.939

1.949

Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)
Min terminal
voltage (p.u.)
Max arm
current (kA)

1.147

1.425

1.15

642 kV Terminal WFC
#1 (terminal connected
to the wind farm that is
disconnected)
614 kV Terminal WFC
#1(terminal connected
to the wind farm that is
disconnected)
2.044 kV Terminal WFC
#1 (terminal connected
to the wind farm that is
disconnected)
1.9 kV Terminal WFC
#1 (terminal connected
to the wind farm that is
disconnected)
1 GVA

1.018

1.009

1.016

1

0.95

0.987

0.994

0.9974

1.571

1.82

1.49

Settling time
(s)
Max
DC
voltage (kV)

0.25

1.1

0.1

-1.56 kA peak Terminal
WFC #1, #2, #3, #4,
#5, #6
0.3 s

-

-

-

Min DC
voltage (kV)

-

-

-

Max cell
capacitor (kV)

-

-

-

Min cell
capacitor (kV)
Peak
apparent
power (GVA)
Max terminal
voltage (p.u.)
Min terminal
voltage (p.u.)
Max arm
current (kA)

-

-

-

674 kV Terminal WFC
#1 (terminal connected
to the DC line that is
disconnected)
624 kV Terminal WFC
#1 (terminal connected
to the DC line that is
disconnected)
2.032 kV Terminal WFC
#1, #2, #3, #4, #5,
#6
1.964 kV

-

-

-

1 GVA

-

-

-

1.0026

-

-

-

1

-

-

-

Settling time
(s)

-

-

-

-1.56 kA peak Terminal
WFC #1, #2, #3, #4,
#5, #6
There converter does
not experience any
transitory

It can be observed in Table 7 that some KPIs (highlighted in red) are above the
defined limits. The main reason for not meeting the peak apparent power and
maximum arm current in tests 1.2.2(a), 1.2.2(b) and 1.2.2(c) is attributed to the
delay caused by the sampling frequency, which has been set as 5 kHz. In the
worst case scenario, the maximum time for fault detection upon a voltage sag or
AC short-circuit is up to 0.2 ms. During this time the AC currents increase in an
uncontrolled manner. Consequently, an instantaneous peak of apparent power is
exhibited. It should be highlighted though that the duration of this phenomenon
is very short and the current is properly regulated by the converter controllers
once the fault is detected.
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4.3. Protection Performance and Faults
This section shows the simulation tests and results used to assess the protection
performance of MTDC networks. The use of FB converters for DC protection
involves de-energising DC network, isolation of faulted circuit and then reenergising the DC network within about 30 ms [6]. However, this could not fulfil
the KPI requirement to isolate DC faults within 6 ms; hence all circuits were fully
protected using DCCBs. These are triggered based on different dv/dt thresholds
to satisfy the KPI requirements.
Symmetrical pole-to-ground (i.e. pole-to-pole) and asymmetrical pole-to-ground
faults were applied to different locations on the HVDC networks to evaluate the
protection performance under the most severe DC fault conditions. Figure 6 shows
the six different fault locations implemented on the six-terminal HVDC network
and Figure 7 shows the DC fault location on the twelve-terminal HVDC network.

Figure 6: DC fault location on six-terminal HVDC with offshore DC interlink

Figure 7: DC fault location on twelve-terminal meshed HVDC network
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For symmetrical monopole systems, the DCCBs on the positive and negative
power will always switch together; hence the DCCBs are counted as one breaker.
The protection system of the six-terminal HVDC network has 10 DCCBs, each
installed at both ends of each DC cable circuit and the twelve-terminal meshed
HVDC grid uses 34 DCCBs. The DCCB is a hybrid type with a mechanical switch
that is assumed to open within 5 ms [5], after which the current is commutated
through the semiconductor section (with surge arresters in parallel).
4.3.1.Symmetrical Faults
Table 8 shows the simulation results of the most severe DC fault on the six-terminal and
twelve-terminal networks. The subplot (starting from top to bottom) are for converter DC
voltage, converter DC current, DCCB currents and DCCB switching states.
Table 8: Simulation results of most severe pole-to-pole fault

6 T (Topology C)

12 T (Topology D)

Pole-to-pole fault

Type

Recorded highest DC fault current of
5.29 kA at fault location 1 on Figure 6
and cleared within 5.6 ms.

Recorded highest DC fault current of
6.9 kA at fault location 1 on Figure 7
and cleared within 5.6 ms.

Table 9 is a summary of the pole-to-pole DC fault evaluated on the six-terminal
and 12-terminal HVDC networks.
Table 9: Summary of simulation results for Topology C and D

Location (on Figure 6)
Selectivity
Peak current (A)
Clearance time (ms)

1
Yes
5292
5.6

2
Yes
5082
5.6

Location (on Figure 7)
Selectivity
Peak current (A)
Clearance time (ms)

1
Yes
6910
5.6

2
Yes
3328
5.1

6 T (Topology C)
3
4
Yes
Yes
5272
5073
5.6
5.6
12 T (Topology D)
3
4
Yes
Yes
3070
2812
5.1
5.1

5
Yes
4046
5.1

6
Yes
4379
5.6

5
Yes
3453
5.1

6
Yes
4208
5.6
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4.3.2.Asymmetrical Faults
Table 10 shows the simulation results of the most severe asymmetrical DC fault
on the six-terminal and twelve-terminal systems. The subplots (starting from top
to bottom) are for converter DC voltage, converter DC current, DCCB currents and
DCCB switching states.
Table 10: Simulation results of most severe pole-to-ground fault

6 T (Topology C)

12 T (Topology D)

Pole-to-ground fault

Type

Recorded highest DC fault current
of 2.74 kA, cleared within 5.6 ms
at fault location 3 on Figure 6.

Recorded highest DC fault current
of 2.24 kA, cleared within 5.6 ms
at fault location 6 on Figure 7.

Table 11 is a summary of the pole-to-ground DC fault evaluated at the six different
locations on Topologies C and D.
Table 11: Summary of simulation results for pole-to-ground DC fault

Location (on Figure 6)
Selectivity
Peak current (A)
Clearance time (ms)

1
Yes
2677
5.6

2
Yes
2708
5.6

Location (on Figure 7)
Selectivity
Peak current (A)
Clearance time (ms)

1
Yes
2448
5.6

2
Yes
2152
5.1

6 T (Topology C)
3
4
Yes
Yes
2740
2687
5.6
5.6
12 T (Topology D)
3
4
Yes
Yes
2053
2221
5.1
5.1

5
Yes
2412
5.1

6
Yes
2682
5.6

5
Yes
2127
5.1

6
Yes
2454
5.6

The DC network was fully protected using DCCBs. A protection system without
DCCBs based on FB converters only or a combination of FB/HB would not satisfy
the KPIs (which require that fault be isolated within 6 ms).
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4.4. DC Inter-array Design
This section shows the simulation tests and results used to assess the operation
and control performance of a DC inter-array topology formed by two wind turbines
connected in series.
4.4.1.Inter-array Topology
The inter-array topology is set to provide a target DC inter-array voltage for a range of
wind power outputs from 20 to 100%. Table 12 shows relevant plots of active power and
DC voltage measured at the HVDC link of the DC inter-array.
Table 12: Active power and DC voltage on the HVDC link of DC inter-array

(40% Active power)

DC Voltage

Active power

(100% Active power)

Topology E
(80% Active power)

Table 13 is a summary of the target active power and DC voltage measured on
the wind turbine converters, at different wind output power levels on Topology E.
Table 13: Active power and DC voltage on wind turbine converter at different wind power outputs

KPI tests
KPI 1.4.1

1.4.1
1.4.1
1.4.1
1.4.1
1.4.1

(a)
(b)
(c)
(d)
(c)

100%
80%
60%
40%
20%

P (MW)
7.5
6
4.5
3
1.5

Topology E
Udc (V)
Nº of wind turbines
5140
2
5100
2
5070
2
5050
2
5040
2

4.4.2.Fault Tolerance
Table 14 shows the AC voltage and AC current measured at the wind turbine (1
and 2) terminals and the inter-array DC voltage during a DC fault on the DC interarray. The system withstands a DC inter-array short-circuit without stopping the
whole wind farm and the DC voltage ripples are damped after a time of 4.1 s.
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Table 14: DC fault tolerance capability of wind turbines connected to DC inter-array

Topology E (Wind turbine 2)

DC Voltage

AC Current

AC Voltage

Topology E (Wind turbine 1)
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4.4.3.Power Imbalance
Table 15 shows the active power and DC voltage curves measured at the HVDC
link of the DC inter-array, due to a power imbalance between the two wind
turbines connected to form a DC inter-array. Maximum power unbalance between
the wind turbines on each inter-array is greater than 3%.
Table 15: Active power and DC voltage on HVDC link due to power imbalance

Topology E (Wind Turbine 2)

DC Voltage

Active power

Topology E (Wind Turbine 1)

Table 16: Steady-state active power and DC voltage at turbine converter due to power imbalance

KPI tests
KPI
1.4.3

>3%

Wind
Turbine 1
P (MW)
3.3

Topology E (5% imbalance)
Wind
Wind
Wind
Turbine 2
Turbine 1
Turbine 2
P (MW)
Udc (V)
Udc (V)
3.47

4875

5580
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4.4.4.Motorizing capability
Table 17 shows the inter-array active power and DC voltage due to a motoring
operation. The DC inter-array topology allows wind turbine motorising for
maintenance tasks.
Table 17: Active power and DC voltage curves
Topology E (Wind Turbine 1)
Active power

DC Voltage

4.5. Resonances
This section shows the simulation results used to evaluate potential resonances
with both AC and DC systems. Table 18 is a summary of the simulation tests.
Table 18 Test description for KPI 1.5

Resonances –
DC system

Resonances – AC system

KPI 1.5
Wind Power
Perturbation

Offshore Grid
Perturbation

Onshore Grid
Perturbation

Converter DC
side
Perturbation

Test Description
An input perturbation point is attached to the output
of one of the Wind Input blocks. A 1 Hz to 100 Hz
frequency sweep of offshore DC voltage and onshore
grid power is then performed. If applicable, the test is
repeated with one onshore converter changed to P/Q
control mode.
A current source (controlling current to 0) between
two phases of the 220 kV link on the offshore system
is added and an input perturbation is attached to the
output of the current source. A 60 Hz to 2000 Hz
frequency sweep of offshore AC voltage and DC
voltage is then performed.
An input perturbation is attached to the output of
frequency signal of one onshore voltage generation
block. A 1 Hz to 1000 Hz frequency sweep of DC
voltage and DC current is then performed.
A current source (controlling current to 0) is attached
to the DC side of one offshore converter station and
an input perturbation is attached to the output of the
current source. A 2 Hz to 2000 Hz frequency sweep
of both an onshore DC voltage and an offshore DC
voltage is then performed. The test is repeated with
the current source attached to the DC side of one
onshore converter.
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Table 19 shows relevant plots taken for the resonances tests.
Table 19 Simulation results for resonances tests

6-T (Topology B)

6-T (Topology C)

12-T (Topology D)

Offshore Grid Perturbation

Wind Power Perturbation

2-T (Topology A)
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Table 20 Summary of simulation results for resonances tests

KPI tests
1.5.1 (a)

KPI 1.5

1.5.1(b)
1.5.1(c)
1.5.2(a)

Any AC resonance?
Grid Power and DC
Voltage
Any AC resonance?
AC and DC Voltage
Any AC resonance?
DC Voltage and
current
Any DC resonance?

2-T (Topology
A)

6-T-AC (Topology
B)

6-T-DC (Topology
C)

6-T-DC (Topology
D)

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO
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4.6. Grid Code Compliance
This section shows the simulation results used to test the compliance of the
connection requirements established by National Grid’s Grid Code. These tests are
divided into active and reactive power control and fault ride through performance.
Table 21 is a summary of the tests.
Table 21: Description of Grid Code compliance tests

Fault Ride Through

Reactive Power Control

Active Power Control

KPI 1.6

Test Description

A frequency step from 50 to 52 Hz (at t = 1.5 s) is applied
to relevant onshore AC grids. GSCs connected to the
disturbed grids reduce their active power to contain the
high frequency event. The resulting active power settling
time and steady state error are compared with those in the
Grid Code (CP.A.3.6.4).
A frequency step from 50 to 48 Hz (at t = 1.5 s) is applied
Load
to relevant onshore AC grids. GSCs connected to the
Rejection
disturbed grids increase their active power to contain the
(LR) LFSM
low frequency event. The resulting active power settling
in Rectifier
time and steady state error are compared with those in the
Mode
Grid Code (CP.A.3.6.4).
A time-varying frequency profile is applied to relevant
Frequency onshore AC grids. A case with/without integral control is
Profile FSM implemented in one GSC, in line with the Grid Code
(CP.A.3.7.2).
Set AC voltage on the GSC terminal to 105% (and 95%) of
Reactive
the nominal AC grid voltage. Maximum leading (and
Power
lagging) reactive power of the GSC during operation at full
Capability
active power is measured, as in the Grid Code (CP.A.3.3.1).
A voltage step from 100 to 95% (and 100 to 105%) of the
Transient
nominal voltage on AC grid connected to a GSC is applied at
voltage
t = 1.5 s. Steady state error and settling time of reactive
Response power during the test is measured as specified in the Grid
Code (CP.A.3.4.1).
A voltage step from 95 to 97% (and 105 to 103%) of the
Voltage
nominal voltage on the AC grid connected to a GSC is
Response
applied at t = 2 s. The GSC lagging (and leading) reactive
and control
power due to the grid voltage response is measured as in
stability
the Grid Code CP.A.3.4.1.
A 140 ms solid three-phase short-circuit is applied to
Balanced
relevant GSC terminals during converter operation at full
voltage dip
active power and maximum leading reactive power as
(<140 ms)
specified in the Code (CP.A.3.5.1(i)).
A 140 ms unbalanced short-circuit (on phase A-B) is applied
Unbalanced to relevant GSC terminals during converter operation at full
voltage dip active power and maximum leading reactive power as
(<140 ms) specified in the Grid Code (CP.A.3.5.1(ii)).
Load
Rejection
(LR) LFSM
in Inverter
Mode

Balanced
voltage dip
(>140 ms)

A 384 ms balanced voltage dip with 30% retained voltage is
applied to relevant GSC terminals during GSC operation at
full active power and zero reactive power, as specified in
the Grid Code (CP.A.3.5.1(iii)).
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Table 22 shows relevant plots taken from selected converters for the Grid Code compliance tests.
Table 22: Simulation results of Grid Code compliance tests (relevant plots)

6-T (Topology B)

6-T (Topology C)

Frequency Profile

Load Rejection:
Rectifier Mode

Load Rejection:
Inverter Mode

2-T (Topology A)

46

12-T (Topology D)

Transient overvoltage
& control stability

Transient voltage
step response

Leading Reactive
Power Capability
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s
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Balanced Voltage Dip
(>140 ms)
Unbalanced Voltage
Dip (<140 ms)

Balanced Voltage Dip
(<140 ms)
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Table 23: Summary of simulation results for Grid Code compliance tests
6-T
(Topology
B)

6-T
(Topology
C)

12-T
(Topology
D)

GSC#1

GSC#3

GSC#3

GSC#6

200%

100% *

0% *

0% *

2-T
(Topology A)

KPI tests

KPI 1.6.1:
Active
Power
Control

1.6.1 (a): Load
Rejection (LFSM
in Inverter Mode)

P (sse)
Tsd

0.8s*

0.8s*

1.1 *

1.2s *

1.6.1 (b): Load
Rejection (LFSM
in Rectifier Mode)

P (sse)

50%

50%

0%

<0.3%

Ts

0.6s

1.1s

1.2s

1.2s

-12.5% to
18.75%(max)

0%
(18.5%**)

ΔP (%)
(Δf=0.5Hz)

18.75%

-12.5% to
18.75%
(max)
18.75%

Ts (max)

0.3s

0.3s

1s

1s

Q (sse)

0%

0%

0.35%

0%

1.6.2 (b): Lagging
Reactive Power
capability

Q (sse)

0%

0%

0.41%

0%

1.6.2 (c):
Transient
response, voltage
step from 100%
to 105%.

Q (sse)

0%

0%

0.38%

0%

Ts

0.07s

0.07s

0.07s

0.07s

1.6.2 (d):
Transient
response, voltage
step from 100%
to 95%.
1.6.2 (e):
Transient
response and
control stability
around 105% of
nominal voltage.

Q (sse)

0%

0%

0.37%

0%

Ts

0.07s

0.07s

0.07s

0.07s

Q (sse)

0%

0%

0.05%

0%

Ts

0.07s

0.05s

0.05s

0.04s

Control
stability

OK

OK

OK

OK

Q (sse)

0%

0%

0.73%

0%

P (sse)
(max)
1.6.1 (c):
Frequency Profile

1.6.2 (a): Leading
Reactive Power
capability

KPI 1.6.2:
Reactive
Power
Control
KPI 1.6: Grid
Code
Compliance

1.6.2 (f):
Transient
response and
control stability
around 95% of
nominal voltage.
1.6.3 (a): Solid
Three Phase Short
Circuit
(<140ms).
1.6.3 (b): Phase
to Phase Short
Circuit
(<140ms).

KPI 1.6.3:
Fault Ride
Through

1.6.3 (c): Balance
Voltage Dip. 30%
retained voltage
and 384ms
1.6.3 (d): Balance
Voltage Dip. 50%
retained voltage
and 710ms
1.6.3 (e): Balance
Voltage Dip. 80%
retained voltage
and 2.5s

18.75%

0%
(8.5%**)
18%
(26%**)

Ts
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0.05s
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0.04s

Control
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OK

OK

OK

OK

Clearing
Time
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Ppostfault

100%

100%

100%

100% *

Clearing
Time
Ppostfault
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<140ms

>140ms

>140ms *

100%

100%

100%

100% *

Connected

OK *

OK *

OK *

OK *

Pfault

>30%

>30%

>30%

34% *
100% *

Ppostfault

100%

100%

100%

Connected

OK

OK

OK

OK *

Pfault

>50%

>50% *

>50%

>50% *

Ppostfault

100%

100%

100%

100% *

Connected

OK

OK

OK

OK *

Pfault

>80%

>80% *

>80%

>80% *

Ppostfault

100%

100% *

100%

100% *
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The reactive power steady-state error, settling time and control stability due to
KPIs 1.6.2(b), 1.6.2(d) and 1.6.2(f) are similar to those in KPI 1.6.2(a), 1.6.2 (c)
and 1.6.2(e); hence their plots are not shown on Table 22.
As it can be observed in Table 23, most KPIs are met except for the case of the
load rejection tests (1.6.1(a) and (b)) for Topologies A and B, where the
requirements are not met; i.e., the steady state error of active power exceeds the
maximum limit. The reason for this shortcoming is that Topologies A and B feature
point-to-point links without DC coupling. In the event of load rejection, the active
power does not have an alternative path to flow to another onshore converter.
The breaking resistors within the onshore converters will absorb some power when
the DC voltage reaches the predefined limit while the measured power cannot be
reduced back to its reference value.
4.7. Study of interactions in HVDC networks connected to real-world
AC system
The previous subsections have reported the evaluation of KPIs of the HVDC
networks with converter controllers connected to simplified AC grid models, with
reference to the UK Grid Code’s requirements.
As a step forward, this section presents a study on the dynamic interactions
between HVDC networks for offshore wind power integration and a detailed model
of a real-world AC system in case of disturbances affecting the offshore and
onshore AC systems. The adopted AC system is the West Denmark (DK1) grid.
The study is divided into two parts:
- The static security of several operating scenarios, deemed as “interesting”
by the Danish TSO, of the integrated AC/DC system obtained by connecting
the HVDC networks to the AC system is assessed.
- Time domain simulations of several disturbances triggering AC/DC
interactions are analysed.
The study has been performed in DigSILENT PowerFactory, a well-known time
domain simulator suitable for studies of large power systems. Most models of the
HVDC network control schemes, provided in MATLAB/Simulink for KPI assessment,
have been translated into DigSILENT for their integration into the detailed AC
system model generated within DigSILENT.
4.7.1.Simulation scenarios under study
Figure 8 provides a map of the prospective DK1 grid in 2020: this AC system is
connected to neighbouring countries via 2 VSC-HVDC links, 6 LCC-HVDC links and
5 AC 400 kV lines. Among these AC interconnectors there is the “West Coast line”,
expected to be in service by 2020.
The detailed dynamic model of the DK1 grid includes the 8 HVDC links and 5 AC
interconnectors, ≈260 internal AC lines, 3 large units (rated > 200 MVA) ≈60 CHP
units, 55 AC-connected onshore and OWFs, and an equivalent machine to
represent the response of the rest of the EU continental grid.
The simulation scenarios investigated in the present report differ for:
- The operating point of the Danish grid, characterised by:
o Different levels of power production from renewables;
o Different settings for grid components (e.g. transformer taps).
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-

The topology of the DC grid used for offshore wind power integration. Two
topologies are taken into account (“point-to-point” Topology A and “six
terminal with offshore DC connections” Topology C).

Figure 8 also reports the location for multi-terminal HVDC in-feeds. Specific TSO
indications together with preliminary load flow verifications allow to identify three
400 kV candidate nodes for MTDC grid in-feeds. These are: Idomlund (onshore
#3), Endrup (onshore #2) and KassØ (onshore #1).
LCC HVDC links
VSC HVDC links
MTDC grid infeeds
SK1,SK2,
SK3

SK4

KS1, KS2

Onshore # 3

SB1
Onshore # 2

CO1

Onshore # 1

Figure 8. West Denmark grid highlighting LCC and VSC HVDC links, and MTDC grid in-feeds

Table 24 summarises the considered simulation scenarios. Table
the main features of the scenarios referring to Topology C.

25

summarises

Table 24: List of simulation scenarios

DC grid topology
Operating point
1: Low production from AC
connected wind farms, import from
North, medium export to South
2: High production from AC
connected WFs, export to North,
low export to South
3: High production from AC
connected WFs, import from North,
large export to South

Point-to-point
(Topology A)

Six-terminal DC grid
(Topology C)

SC1A

SC1C

SC2A

SC2C

SC3A

SC3C
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Table 25. Main features of DK1 operating scenarios related to Topology C MTDC grid

Scenario
C1
C2
C3

Onshore (offshore)
AC-connected WF
production, MW
221 (56)
2600 (835)
2600 (835)

Power
exchanges
(import-/export+) with
Nordic countries, MW
-2400
+2400
-2400

Power
exchanges
(import-/export+)
with Germany, MW
+1980
+1314
+6004

SB1 and CO1 links always export 600 and 700 MW from DK1 to neighbouring
areas (East Denmark and Holland).
For simulation scenarios SC1C, SC2C and SC3C it is assumed that the West Coast
line (WCL) is in service given that in the target year (2020) this link is expected
to be in service. This 400 kV corridor between Idomlund, Endrup and Flensborg
substations will increase current NTC between Denmark and Germany and it is
fundamental to manage large power flows expected along the Danish peninsula
due to large increase of offshore wind penetration in 2020.
4.7.2.N-1 static security assessment
The N-1 static security analysis has been performed considering the set of
branches (lines and transformers) connected to 150 and 400 kV grid, and the set
of generators for CHP.
The security criteria followed for the analysis are reported below:
-

Base case analysis (N state)
o Maximum admissible percent current: 100%
o Admissible voltage range: [0.95-1.05] p.u.

-

N-1 static security analysis
o Maximum admissible percent current: 110%
o Admissible voltage range: [0.9-1.1] p.u.

No significant violations are identified in the three scenarios. The analysis deals
with the impact of the WCL on N-1 security in the 2020 scenarios. In particular:
-

In scenario SC1C the presence of the WCL favours power evacuation towards
South, thus avoiding potential overloadings along the 400 kV double circuit
backbone in case of one circuit outage.

-

In scenario SC2C the WCL avoids the pre-contingency overloading (and more
severe post-contingency overloadings) of the 400 kV line between Idomlund
and Tjele 400 kV substations (due to simultaneous large power injections from
AC-connected WFs and DC grid).

-

In scenario SC3C, with a very high power export to the South, the WCL reduces
the pre-contingency loading on ac interconnectors with Germany below 80%,
thus avoiding overloadings in case of N-1 outages applied to the same AC
interconnectors.

As a summary, the investigation confirms the essential role of this new 400 kV
corridor between DK1 and Germany, especially for scenario C3 characterised by a
very high export to Germany, in order to manage the increasing penetration of
offshore wind power (also from envisaged MTDC grids), while satisfying
conventional N-1 security criterion.
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4.7.3.Time domain simulation of several disturbances
This section presents the results of the time domain simulation of several
disturbances in the integrated AC/DC system. In particular, the present subsection
will focus on SC1C and SC2C results.
In case of contingencies directly affecting the DC network (e.g. pole to ground
faults on DC cables), the electromagnetic (EMT) simulation – which is out of the
scope of the study in this subsection – should be adopted to get accurate results,
as highlighted by the simulations performed in the past EU project TWENTIES.
Table 26: List of disturbances simulated in SC1C scenario

Sim ID

2

Description
Step wise reduction of active power
from offshore wind park 1 at t = 1s
Loss of one onshore VSC at t=1s

3

The outage of HVDC links SK1/2/3/4

SC2C

4

100 ms bolted three-phase short
circuit at Idomlund 400 kV node

SC1C

5

200 ms three phase short circuit in
offshore AC island 3

SC1C

1

Sim. Scenario
SC1C
SC1C

Goal
To check the response of
the Vdc vs. P droop of the
onshore VSCs
To verify the operation of
the
provision
of
the
primary frequency support
of DC grids for offshore
wind power integration
To verify the chopper
operation
on
the
6terminal grid
To verify the response of
the
current
controlled
offshore VSC and of WT
controllers

 Sim 1: fast decrease of wind power production
The simulation consists in a step wise loss of wind power generation DP = 216 MW
at offshore AC island 1 at t = 1s. This causes the intervention of the Vdc vs. P
droop controllers of the three onshore VSCs of the DC grid. Two cases are
considered:
-

Sim 1a where all the three onshore VSCs have the same Vdc vs. P droop
coefficient equal to 5%

-

Sim 1b where onshore VSC 2 has a 2.5% droop while the others have still
a 5% droop coefficient

In Sim 1a all onshore VSCs share the same share of DP (72 MW, i.e. one third of
216 MW). Conversely, in Sim 1b, the two onshore VSCs with equal droop
coefficients (1 and 3) undergo the same reduction of active power injection (-57
MW), while the onshore VSC 2 with smaller droop undergoes a larger reduction of
active power injection (-102 MW). The onshore VSC #2 with largest reduction of
power also shows the smallest reduction of the dc voltage (0.0033 p.u. vs 0.0036
p.u. of VSC 1 and 3, due to the smallest value of droop).
 Sim 2: loss of one onshore VSC
This simulation assumes that all offshore wind turbines are producing half of their
maximum active power (i.e. 4 MW each turbine). At t = 1 s the interconnection
transformer between AC grid and onshore VSC 1 at KassØ substation is opened.
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This causes a redistribution of the power flow through surviving onshore VSCs (#2
and 3). Two cases are again considered:
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Figure 9: Simulation 1. MTDC network response to a sudden loss of wind power generation: (a) all onshore
VSCs have the same Vdc-P droop coefficients, (b) VSC #2 has a 2.5% droop coefficient vs 5% droop of
VSCs #1 and 3
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Figure 10: Simulation 2. MTDC network response to a sudden loss of onshore VSC #1: (a) onshore VSCs
2 and 3 have the same Vdc-P droop coefficients, (b) VSC #2 has a 2.5% droop coefficient vs 5% droop of
VSC # 3

In Sim 2a, the active power injected by onshore VSC 1 (364 MW) is redistributed
among the other VSCs with equal shares due to the adoption of equal droop
coefficient (5%). In particular, each onshore VSC (#2 and 3) increases its injection
by 182 MW.
In Sim 2b, the VSC with the smallest droop coefficient (#2) undergoes the largest
increase of active power (+235 MW) injected into the AC grid (at Endrup station),
while VSC 3 increases its active power injection by 128.5 MW.
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 Sim 3: Outage of HVDC links SK1/2/3/4
Scenario SC2C is characterised by a large power export through SK links. An
outage of HVDC links SK1/2/3/4 exporting about 1700 MW from West Denmark
to Nordic countries is simulated at t = 0.5 s. The FSM is enabled in the GC
controller of onshore VSCs, as well as in the wind turbines of the offshore AC
islands. Table 27 reports the dead-bands and the droops adopted for the present
simulation case, in line with typical values from [7].
Table 27. Dead-band and droop values for controllers enabling frequency support of MTDC grids

Controller

Deadband

FSM GC controller

20 mHz

0.04 [Hz p.u./P p.u.]

-

0.05 [V p.u./P p.u.]

20 mHz

0.04 [Hz p.u./P p.u.]

0.001 VDC p.u.

1.5 [VDC p.u/Hz p.u.]
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Vdc - f of offshore VSCs
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Figure 11. MTDC grid response to onshore load decrease: actual active powers and set-points of onshore
VSCs (top left), actual DC voltages and set-points of onshore VSCs (top right), onshore and offshore
frequency (bottom left), active powers injected by offshore VSCs (bottom right)

The increase of offshore AC frequency determines a response of wind turbines
endowed with FSM control: they reduce their production, thus causing lower power
inputs into the DC grid from offshore VSCs (right bottom diagram).
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The maximum total active power reduction obtained from the DC grid in the first
2 s is around 40 MW, equal to 2.4% of the overall load reduction. This corresponds
to an equivalent transient droop (df/fnom)/(dP/Pnom) of about 11.5%. The response
of the DC grid can be adjusted by TSO according to its specific needs, by acting
on the droops and dead-bands in Table 27. Given the robustness of the AC bulk
system, the offshore frequency set-point comes back inside the dead-bands (20
mHz) of offshore wind turbine FSM controls. Thus, no steady state frequency
support is provided by the DC connected wind parks.
 Sim 4: 100 ms three-phase short circuit at Idomlund 400 kV node
This simulation analyses a three phase 100 ms self-extinguishing fault at Idomlund
400 kV node, to verify the behaviour of the DC grid, with focus on the chopper
control resistors. The fault close to onshore VSC #3 of the DC grid causes a strong
reduction of active power injection from VSC #3 and the intervention of the
relevant chopper controlled resistor R3: the chopper controllers for all the three
braking resistors have a triggering threshold for maximum DC voltage equal to
1.15 p.u. and a time delay of 5 ms; they limit the temporary overvoltages within
1.159 p.u. Additionally, a redistribution of power flows along the DC grid occurs:
this is highlighted by the change in the power flows along DC cables 22_12 and
22_23 which connect the offshore stations. Initially they are zero but the fault
causes them to assume significantly non-zero values. In turn, this power flow
redistribution causes a rise of DC voltages also close to onshore VSCs #1 and #2
where again the relevant chopper controlled resistors intervene by absorbing a
part of the active power in excess from offshore stations to onshore stations of
the DC grid.

Figure 12: MTDC grid response to onshore AC faults: DC voltages and DC voltage set-points of P-Vdc
droop in GC controllers for onshore VSCs (top left), active power and power set-points of P-Vdc droop in
GC controllers of onshore VSCs (top right), power absorbed by chopper controlled resistors (bottom left),
active power injected by offshore VSCs (bottom right)
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It can be noticed in the simulation results that the drastic Vdc increase in the DC
side of offshore VSCs is translated into an increase of offshore frequency set-point,
which in turn causes a temporary reduction of wind turbine power production (with
ramp limitations evident in bottom right diagram of Figure 12).

Figure 13: MTDC grid response to onshore AC faults: Powerflows along the DC cables of six-terminal DC
grid

In the integrated AC/DC system, the onshore fault causes:
(1) a fast reduction of active power injection into Idomlund 400 kV substation,
(2) a separation of the rotor angles of the synchronous machines in the North
and in the South,
(3) the commutation failure of inverter terminals of LCC links SK1, SK2, SK3
(connected to Tjele substation close to Idomlund) and KS1, KS2 (in the
North).
Figure 14a clearly indicates a separation of the machines into two clusters: two
machines in the South decelerate (max acceleration –8.5  10-3 p.u./s on a 100
ms window) and the one in the North accelerates (acceleration +5  10-3 p.u./s
on a 100 ms window). Figure 14b instead confirms the commutation failure of the
LCC links which occurs when the ignition angle alpha reaches the maximum value
(150°). The fast reduction of MTDC grid infeed at onshore terminal #3 as well as
the commutation failure of the LCC HVDC links leads to a total active power deficit
of about 1200 MW (1200 = 1700-100-400 MW, where consideration as given to
1700 MW reduction of import from SK1/2/3 and KS1/2 due to commutation failure,
100 MW reduction of COBRA export, and a 400 MW reduction of SB1 export).
The fast reduction of active power output from SK4 terminal at Tjele substation
would cause a DC overvoltage on SK4 link, but the Vdc vs. P droop control on the
Norwegian side of the DC link allows to contain the overvoltage as illustrated in
Figure 15.
It can be noticed that the maximum voltage is equal to 1.108 p.u. which is still an
acceptable voltage for the DC cable. This is achieved thanks to drastic reduction
of active power injection into the DC link from the Norwegian VSC side (right
diagram).
The largest reaction to the active power deficit is performed by the equivalent
machine representing the rest of UCTE grid (slack machine AUD_400): the onfault active power export from DK1 to UCTE passes from 1900 MW to less than
500 MW.
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a)

b)

c)
Figure 14. AC/DC system response: (a) the rotor speeds of three largest synchronous machines, (b)
ignition angles of LCC HVDC links KS1/2, SK1/2/3, (c) active power injections from LCC and VSC HVDC
links
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Figure 15: Response of Norwegian terminal of SK4 in case of a reduction of P output at Tjele substation:
DC voltage and relevant set-point (left diagram), active power and relevant reference in the droop linear
control (right diagram)

 Sim 5: three phase fault in offshore AC island 3
This case simulates a three phase 200 ms fault on LV node of a wind turbine in
the offshore AC island #3. We assume that the wind turbines are operated with
“over-frequency modulation” and not in FSM control.
Figure 16 shows the active and reactive power injection from the wind turbines,
with focus on fault ride through provision control. It can be noticed that the active
power in the on-fault period is proportional to the residual voltage, as required by
UK’s Grid Code. This clearly limits the reactive support of WTs during the fault.
Figure 17 reports respectively the d-axis voltage component and its set-point in
the outer control loop of offshore VSC control scheme (top left), and the d/q-axis
current and its relevant set-points in the inner control loop (top right diagram), as
well as the active and reactive power exchanged by VSC with offshore island #3
(bottom diagrams). The current based control allows to limit the short circuit
contribution from offshore VSC.
Figure 18 shows the active power injections of onshore VSCs and the active power
exchanged by offshore VSCs. It can be noticed that the strong reduction of the
active power injected by offshore VSC #3 (about 150 MW) is equally distributed
among the three onshore VSCs thanks to the identical parameters adopted in the
Vdc vs. P droop functions of the onshore VSCs. This limits the impact of such a
contingency on the power flows in the DK1 grid.
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Figure 16: WT response to offshore ac faults: terminal voltage, reactive power and q-axis control variables
(left), active power and d-axis control variables (right)
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Figure 17: Response of offshore VSC to offshore AC fault: d-axis AC voltage value and set-point (top left),
d-axis and q-axis currents and relevant set-points (top right), reactive power injection (bottom left) and
active power injection (bottom right) of offshore VSC
Study Case: DK NUP EP2020-ENTSOE_DK1
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The active power deficit in the AC system causes the deceleration of the rotors of
the largest synchronous units (see Figure 19).
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Figure 19: Deceleration of rotors of synchronous machines due to sudden active power deficit due to
temporary loss of offshore wind power from AC offshore island # 3.
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5. Conclusions and Recommendations
This report outlines the simulation results and discussions for HVDC-connected
OWFs modelled using MATLAB/Simulink to assess the performance of four
different MMC-based HVDC network topologies. Six KPIs have been evaluated to
assess the effectiveness of the control algorithms implemented on the four
topologies. Table 28 is a summary of the KPI simulation results. The control
algorithms have been also reproduced in DigSILENT PowerFactory to study the
potential interactions between HVDC networks connected into real AC systems.
For this, the Western Danish grid has been employed as a case study.
Table 28: Summary of KPI Simulation Results
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5.1. KPI Assessment
The main findings from to the KPI assessments are described as follows:
Steady-state AC/DC interactions – The steady state error of the HLC following
ramp or step changes to the set-points of active power, reactive power, DC
voltage, AC voltage and offshore frequency is within acceptable limits. The THD
due to sudden changes in reference values of AC voltage and DC voltage does not
affect power quality of the HVDC-connected wind farms. The HVDC network
achieved very fast active power reversal and the overloading capability of the MMC
is demonstrated to allow flexible delivery of ancillary services to onshore AC
networks.
Transient AC/DC interactions – During normal operation, wind farm power
output follows the different set-points of wind input and the power transferred to
onshore grids depends on the HVDC network topology, GSC control mode and
droop control parameters. HVDC topologies with DC interlinks achieved an
improved power balance over topologies with AC interlinks, hence allowing the
reallocation of power between interconnected AC grids based on GSC droop control
operation. At high wind output power conditions, onshore AC faults will result in a
DC overvoltage on the HVDC network, which may damage transmission assets.
Hence, DC braking resistors and wind power reduction techniques will be required
to prevent DC overvoltages.
DC protection and fault performance – Symmetrical and asymmetrical DC
faults were applied on different locations of the MTDC network. The peak value of
DC fault current and fault clearance time depends on the location of the fault and
the fault type. Symmetrical (pole-to-pole) faults have peak currents with a value
that is double than those for asymmetrical (pole-to-ground) faults. The very fast
DC fault clearance requirements assume the availability of ultrafast DCCBs – which
are currently being developed by HVDC equipment manufacturers. A protection
system without DCCBs, based on FB converters or a combination of FB/HB would
not satisfy the KPIs (which require that fault be isolated within 6 ms).
DC inter-array – Up to two wind turbines connected in series were modelled and
tested to regulate DC voltage and to transfer active power to wind farm collection
systems. The inter-array fault tolerance was evaluated using single and multiple
DC faults. The wind turbines achieved continuous active power generation under
the fault condition. The DC inter-array allowed motoring operation based on active
power reversal and DC voltage regulation.
Resonances – Simulation results based on frequency sweeps and frequency
response plots for the four HVDC topologies indicate that no resonance issues
occur on the AC and DC sides of the networks. However, resonances may occur
on AC systems upgraded with power electronics and FACTS devices if these
operate at high switching frequencies (i.e. in the kHz range). It is thus
recommended to carry out further studies for MMC-HVDC networks connected to
AC grids with a significant presence of power electronics based equipment.
Grid Code compliance – This was tested using supplementary control schemes
fitted to onshore and offshore converters which allow converter active and reactive
power regulation during AC grid disturbances. The supplementary control schemes
are based on local measurements taken at the converter terminals, hence
eliminating the requirement for fast telecommunications between converter
stations. Active power regulation contained system frequency deviation and
reactive power control limited AC voltage variations within acceptable limits
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specified in the UK National Grid’s Grid Code. A DC braking resistor fitted to
relevant onshore converters is used to absorb excess active power during AC grid
voltage dips, thus preventing DC overvoltages that can damage HVDC equipment.
5.2. Case Study of Western Danish Grid
This study allowed the translation of the HVDC network control algorithm from
MATLAB/Simulink into DigSILENT PowerFactory, which is more suitable for
investigating large power systems. Steady-state network security assessment
indicated that addition of HVDC networks to the real-world Western Danish grid
would avoid overloading of proposed HVAC electricity interconnections between
Germany and Denmark. Also, transient studies of disturbances due to fast wind
power reduction, VSC station outage, HVDC link outage and offshore and onshore
symmetrical AC faults were investigated. The performance of the VSC control
algorithms in DigSILENT PowerFactory showed good agreement with the
MATLAB/Simulink models.
5.3. A Note on the Topologies and System Performance
It should be highlighted that the studies presented in this work have been based
on four specific system topologies. Simulation results indicate that successful
operation of HVDC networks can be achieved given coordinated design and
controller tuning of all units. To this end, prior knowledge of system parameters
has been fundamental to achieve a good system performance capable of meeting
the KPIs defined earlier in the project. However, even when the results obtained
in DEMO #1 so far are reassuring, they do not demonstrate that interoperability
issues will not arise if the network is designed when the parameters of all the
system components and controllers are unavailable.
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