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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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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 de-
risk 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 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 operating 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 

concept 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 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.  
 

 

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. 

GSC

Pw1

Pg1,Qg1
Onshore

AC Grid #1

DC CABLE

(100 km)

Vdc and Q 

Controller

AC Voltage

Control 

Vdc_g1

Vdc_g1*fw1*|Vac_w1*|

Vac_w1

Offshore 

Grid #1
WFC Offshore Onshore

Qg1*

θw1*

 

Figure 1: Point-to-point HVDC link with basic control blocks 
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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. 
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Controller
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AC Grid #2

(Vdc vs. P) and Q 

Controller

AC Voltage

Control 

Vdc_g2

Vdc_g2*fw2*Vac_w2*
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Offshore 

Grid #2
WFC #2

Qg2*θw2*

GSC #3

Pw3

Pg3,Qg3
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AC Grid #3
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Controller
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Figure 3: Six-terminal HVDC system with offshore DC links and basic controls block 
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Figure 2: Six-terminal HVDC system with offshore AC links and basic control blocks 
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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. 

 

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

 
𝑐2 =

𝑄𝑎𝑐𝑡𝑢𝑎𝑙 −  𝑄∗

𝑆𝑏𝑎𝑠𝑒
 

(2) 

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: 

 
𝑐3 =

𝑉𝑑𝑐_𝑎𝑐𝑡𝑢𝑎𝑙 − 𝑉𝑑𝑐
∗

𝑉𝑑𝑐_𝑏𝑎𝑠𝑒
 

(3) 

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: 

 
𝑐4 =

𝑉𝑎𝑐_𝑎𝑐𝑡𝑢𝑎𝑙 −  𝑉𝑎𝑐
∗

𝑉𝑎𝑐_𝑏𝑎𝑠𝑒
 

(4) 

 
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 (ENTSO-
E) 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 pole-
ground 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 small-

signal 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∗

𝑆𝑏𝑎𝑠𝑒
∙ 100 (%) 

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∗

𝑆𝑏𝑎𝑠𝑒
∙ 100 (%) 
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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 pre-
fault value. This value is calculated as follows:  

𝑐2
<140𝑚𝑠 =

𝑃𝑓𝑎𝑢𝑙𝑡(∆𝑡=0.5𝑠)

𝑃𝑓𝑎𝑢𝑙𝑡
∙ 100(%) 

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:  

𝑐1
>140𝑚𝑠 =

𝑃𝑓𝑎𝑢𝑙𝑡

𝑃𝑝𝑟𝑒𝑓𝑎𝑢𝑙𝑡
∙ 100(%) 

and must be equal or above the following value: 

𝑐1
>140𝑚𝑠 ≥

𝑉𝑓𝑎𝑢𝑙𝑡

𝑉𝑛𝑜𝑚
∙ 100(%) 

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 pre-
fault active power. This value is calculated by the following expression:  

𝑐2
>140𝑚𝑠 =

𝑃𝑓𝑎𝑢𝑙𝑡(∆𝑡=1𝑠)

𝑃𝑓𝑎𝑢𝑙𝑡
∙ 100(%) 

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. 
 

Table 1: Test description for KPI 1.1 

KPI 1.1 Test description 

S
te

a
d
y
-S

ta
te

 P
e
rf

o
rm

a
n
c
e
 

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. 

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. 

A
C
 a

n
d
 D

C
 

P
o
w

e
r 

Q
u
a
li
ty

 

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. 

C
o
n
v
e
rt

e
r 

P
o
w

e
r 

R
a
ti
n
g
 

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. 
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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 A Topology B Topology C Topology D 
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 Test not applicable  

 

Test not applicable  

 

 

 

 

 

 

 
 

 

 



`` 

 

 

24 

Demo 1 – Results and conclusions from simulations and studies 

July 2017 

 

 

 

 

A
C
 V

o
lt
a
g
e
  

F
re

q
u
e
n
c
y
  

T
H

D
 (

Q
 c

h
a
n
g
e
) 

 
T
H

D
 (

P
 c

h
a
n
g
e
) 

 

Test not applicable 

 

 

 

 

Test not applicable 

 

 

 
 

 

 

  

 

 

 

 



`` 

 

 

25 

Demo 1 – Results and conclusions from simulations and studies 

July 2017 

 

 

 

 

 

 

 

 

 

 

 

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 2-T (Topology A) 6-T-AC (Topology B) 6-T-DC (Topology C) 

WFC GSC WFC1 WFC2 WFC3 GSC1 GSC2 GSC3 WFC1 WFC2 WFC3 GSC1 GSC2 GSC3 

KPI 

1.1 

1.1.1 (a) Q (sse) - 0% - - - - - 0% - - - - - 0% 

1.1.1(b) P (sse) - - - - - - - - - - - - - - 

1.1.1(c) Vac (sse) 0% - - - 0% - - - - - 0% - - - 

1.1.1(d) Vdc (sse) - 0% - - - - - 0% - - - - - 0% 

1.1.1(e) f (sse) 0% - - - 0% - - - - - 0% - - - 

1.1.2(a) 
THD (Q change) - 1% - - - - - 1% - - - - - 1% 

Vdc ripple (Q change) - 0.05% - - - - - 0.05% - - - - - 0.05% 

1.1.2(b) 
THD (P change) - - - - - - - - - - - - - 1% 

Vdc ripple (P change) - - - - - - - - - - - - -  

1.1.3(a) Power reversal - - - - - - - - - - - - - 0% 

1.1.3(b) Overload Capability - - - - - - - - - - - - - 0% 

 

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

KPI tests 

12-T (Topology D) 

Offshore 

terminals 

Onshore 

terminals 

KPI 

1.1 

1.1.1 (a) P (sse) - 0% 

1.1.1 (b) Q (sse) - 0% 

1.1.1 (c) Vdc (sse) - 0% 

1.1.1 (d) Vac (sse) 0.73% - 

1.1.1 (e) f (sse) 0% - 

1.1.2 (a) 
THD (Q change) <0.45% <1% 

Vdc ripple (Q change) <0.083% <0.083% 

1.1.2 (b) 
THD (P change) <0.45% <1% 

Vdc ripple (P change) <0.083% <0.083% 

1.1.3 (a) Power reversal  - OK 

1.1.3 (b) Overload Capability  OK OK 
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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 

KPI 1.2 Test Description 

N
o
rm

a
l 
O

p
e
ra

ti
o
n
 

Vary wind 
farm power 

output at 
once 

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. 
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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 

 2-T (Topology A) 6-T (Topology B) 6-T (Topology C) 12-T (Topology D) 
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Test not applicable 
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