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Abstract 

Offshore wind generation has an important role in the transition to renewable 

energy. In particular, HVDC-connected Offshore Wind Power Plants (OWPPs) are 

emerging as an economical solution for long distances from the shore. This thesis was 

focused on three key areas related to planning, operation and stability issues, which 

are present technical challenges in the integration of OWPPs through VSC-HVDC 

transmission systems. 

In relation to planning, the installation of interlink cables between OWPPs was 

analysed to increase the wind power transfer. Different interlink options were 

compared based on a power loss reduction and an increase of availability. In general, 

it was recommended to have interlinks close to the wind generation point to provide 

more flexible active power sharing between OWPPs. Also, a cost-benefit analysis was 

used to quantify savings from the operation with interlinks and a design procedure was 

developed to determine the interlink cable capacity. 

In terms of operation, inertia emulation was analysed as a potential fast frequency 

response service from OWPPs. Synthetic inertia and temporary overproduction have 

been presented as main control strategies to implement inertia emulation and they were 

compared using MATLAB Simulink. Results showed similar frequency response 

performance from both strategies, however temporary overproduction was more 

appropriate in order to comply with system operator’s requirements. Emulation of 

inertia was also demonstrated in a HVDC-connected OWPP employing a hardware-

in-the-loop set-up. 

The converter control interaction with electrical resonances of the offshore ac grid 

was analysed. An impedance-based representation of the system was used to identify 

resonant frequencies and to assess stability. A reformulation of the positive-net-

damping criterion was used to evaluate the effect that the offshore HVDC converter 

control and OWPP configuration have on the stability. As a result, risk of resonance 

interaction was identified in no-load operation and when a limited number of wind 

turbines were connected. 
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Chapter 1  

1.Introduction 

1.1 OFFSHORE WIND ENERGY 

The total wind power capacity has increased more than seven times since 2005, as 

shown in Figure 1.1. By the end of 2015, wind energy represented 3.7% of the global 

electricity production and contributed to 15.6% of the renewable energy share [1]. 

Currently, wind generation is predominately onshore; however, there is an increasing 

interest in offshore wind generation due to limited onshore site location and less public 

opposition. Importantly, high-power wind turbines can be installed in the sea and the 

offshore wind speed is much higher and more uniform than inland [2]. 

 

Figure 1.1: Global wind power capacity and annual additions from 2005 to 2015 [1]. 

In Europe, offshore wind generation has significantly increased during the past 

decade, as illustrated in Figure 1.2. By the end of 2015, 91% (11 GW) of the global 

offshore wind capacity was installed in Europe [3]. The European Wind Energy 

Association (EWEA) expects that the total capacity in Europe will reach 20 GW by 

2020 and 66 GW by 2030 [4], [5]. More than two thirds of the total European offshore 

wind capacity are installed in the North Sea, which is an ideal location for offshore 

wind generation due to high wind speeds and shallow water [6]. The UK is leading the 

market with nearly 50% of the total installed capacity in 2015 [6]. 
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Figure 1.2: Cumulative and annual offshore wind installations in Europe from 1993 to 

2015 [6] 

1.2 HVDC-CONNECTED OFFSHORE WIND POWER PLANTS 

Grid integration is one of the main challenges for offshore wind development. 

Offshore Wind Power Plants (OWPPs) can be connected to the onshore grid through 

High Voltage Alternate Current (HVAC) or High Voltage Direct Current (HVDC) 

submarine cables. The ac connection of offshore wind power plants is currently the 

most common solution, but dc connection provides an economically viable option for 

long distances (longer than 40 - 100 km [7]). This is because long ac submarine cables 

generate a considerable amount of reactive power that increases the power losses and 

requires the installation of reactive compensators. In addition, HVDC connections 

offer an electrical decoupling between OWPPs and onshore ac grids, which avoids 

resonance interactions and the propagation of ac faults [8]. 

HVDC can use two different converter topologies: Line Commutated Converters 

(LCCs) and Voltage Source Converters (VSCs). Conventional HVDC systems are 

based on LCC, which allows bulk power transmission for long distances. VSC has 

been developed recently for HVDC applications and is more suitable than LCC to 

connect OWPPs. Compared to LCC, VSC provides black start capability and requires 

a smaller footprint, which reduces the offshore platform cost. Also, VSCs are more 

robust to onshore ac grid disturbances, since they are based on IGBT valves and do 

not suffer from commutation failure [8]. VSCs have fast and independent control of 

active and reactive power, which is beneficial to OWPPs for providing ancillary 

services to onshore ac grids. 
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1.3 EXISTING AND FUTURE PROJECTS 

BorWin1 was the first HVDC link to connect offshore wind farms to shore [9]. 

Since then, nine HVDC-connected OWPP projects located in the south-eastern part of 

the North Sea are in operation, under construction or planned, as shown in  Figure 1.3 

and Table 1.1 [10], [11]. These projects are based on HVDC point-to-point links, but 

a future offshore grid in the North Sea region with ac and dc interconnections is under 

discussion [10], [12]. In the UK, the Crown Estate is planning to install up to 25 GW 

of offshore wind generation and more than 75% of this capacity will be connected 

through HVDC point-to-point links [13]. In the US, it is anticipated that the Atlantic 

Wind Connection will integrate up to 6 GW of offshore wind through a Multi-terminal 

DC Grid (MTDC) [14], [15]. 

 

Figure 1.3 Map of offshore wind farms in the North Sea connected to Germany [16] . 
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Table 1.1: Details of existing HVDC-connected OWPPs projects presented in Figure 1.3 

[10], [11], [16] 

Project Capacity Voltage Cable length Commissioning year 

BorWin1 400 MW ±150 kV 200 km 2010 

BorWin2 800 MW ±300 kV 200 km 2015 

DolWin1 800 MW ±320 kV 165 km 2015 

HelWin1 576 MW ±250 kV 130 km 2015 

HelWin2 690 MW ±320 kV 130 km 2015 

SylWin1 864 MW ±320 kV 205 km 2015 

BorWin3 900 MW ±320 kV 200 km 2019 

DolWin2 916 MW ±320 kV 135 km 2016 

DolWin3 900 MW ±320 kV 160 km 2018 

1.4 FUTURE CHALLENGES 

The connection of OWPPs through HVDC systems has been demonstrated but it is 

not a mature technology yet. Offshore HVDC transmission systems have to ensure 

high reliability due to the long repair time and high cost of offshore maintenance. More 

complex topologies based on offshore interconnections between OWPPs improve 

reliability, but increase the cost of the offshore transmission system. The design of the 

offshore transmission system can be optimised if OWPP and transmission system 

owners are coordinated [17]. At first, point-to-point HVDC links will be built and at 

later stages offshore cable connections may be installed between existing OWPPs if it 

is financially viable. In addition, power flow control and protection strategies are 

important challenges in interconnected offshore systems, especially for HVDC grids 

[7]. 

In future, a large number of synchronous generators are expected to be replaced by 

asynchronous renewable generation, such as HVDC-connected OWPPs. Therefore, 

OWPPs must provide ancillary services to onshore grids. A number of these services 

can be provided by the onshore HVDC converter, e.g. voltage support, but other 

services have to be provided by the Wind Turbines (WTs) and require coordination 

between HVDC converters and OWPPs, e.g. frequency response. The European Union 

has recently approved a grid code with general requirements for HVDC-connected 
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systems that was developed by the European Network of Transmission System 

Operators for Electricity (ENTSOE) [18]. However, a number of requirements, such 

as inertia response, short-circuit contribution or power oscillation damping, are still 

under consideration. 

 Offshore ac and dc grids are isolated systems with high penetration of converters. 

Poorly damped resonances of an offshore grid can interact with the converter controls 

until the system becomes unstable. Such resonance interactions caused by WT 

converters and HVDC converters must be identified during the design process and can 

be limited by introducing additional damping to the system [19]. 

1.5 OBJECTIVES OF THE THESIS 

The research work carried out in this thesis contributes to solve the future 

challenges for HVDC-connected OWPPs. The aims of this thesis are to investigate 

interconnection topologies and analyse the operation and stability of OWPPs 

connected through VSC-HVDC transmission systems. Particular objectives of this 

thesis include: 

• Analyse the contribution of interlink cables between OWPPs to increase 

availability and reduce power losses of the transmission system. 

• Compare wind turbine inertia emulation strategies to provide inertia 

response from OWPPs. 

• Build a hardware-in-the-loop test rig to demonstrate inertia emulation from 

an OWPP connected through an HVDC point-to-point link.   

• Identify instabilities caused by control interactions of VSCs with the 

resonances of the offshore ac grid. The impact of the offshore HVDC 

converter is analysed in detailed. 

1.6 THESIS OUTLINE 

The structure of this thesis is as follows: 

Chapter 2 –HVDC-connected Offshore Wind Power Plants 

 This chapter reviews the current research areas for the development of HVDC-

connected OWPPs. These research areas include the design of HVDC transmission 
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system topologies, control structures and functional requirements in an HVDC-

connected OWPP. 

Chapter 3 – Interlinks between HVDC-connected Offshore Wind Power Plants 

This chapter presents a comparative analysis of different topologies with interlink 

cables between OWPPs. Reduction of power losses and increase of wind energy 

availability were quantified and discussed in different interlink options. The power 

losses were analysed using an optimal power flow and the availability was analysed 

using Capacity Outage Probability Tables (COPTs). Also, a cost-benefit analysis was 

used to compare the interlink options in terms of operational savings and a design 

procedure was developed to determine the interlink cable capacity. 

Chapter 4 – Inertia Emulation in Offshore Wind Power Plants 

This chapter presents the concept and the current developments of inertia emulation 

in OWPPs. Two main strategies were compared: Synthetic Inertia and Temporary 

Overproduction. Also, control strategies to limit wind turbine recovery power were 

described. The implementation of inertia emulation in an HVDC-connected OWPP 

was demonstrated using a hardware-in-the-loop set-up based on a wind turbine test rig, 

a VSC test rig, a dc network cabinet, a grid simulator and a real time simulator.  

Chapter 5 – Electrical Resonance Stability in HVDC-connected Offshore Wind Power 

Plants 

This chapter analyses the interaction of converter controls with harmonic series 

resonances of the offshore ac grid. An impedance-based representation of the offshore 

ac grid and the VSCs was used to identify resonant frequencies and assess stability. A 

reformulation of the positive-net-damping stability criterion was demonstrated and 

used to evaluate the effect that the offshore HVDC converter control and the OWPP 

configuration have on the stability.  

Chapter 6 – Conclusions 

This chapter outlines the conclusions and contributions of this thesis and describes 

recommendations for further work. 
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Chapter 2  

2.HVDC-connected Offshore Wind Power 

Plants 

2.1 INTRODUCTION 

The connection of OWPPs through VSC-HVDC links has been demonstrated in 

real projects but there are still technical challenges that must be addressed, such as the 

optimal configuration of the transmission system, the control coordination and the 

provision of ancillary services [11], [20]. The potential topologies to connect an OWPP 

through an HVDC transmission system are described and discussed. The control of the 

OWPP and the HVDC converters is presented and the potential control interactions 

between the converters are highlighted. Also, the functional requirements of the 

overall system and the onshore and offshore grids are described. 

2.2 GENERAL CONFIGURATION OF AN HVDC-CONNECTED 

OFFSHORE WIND POWER PLANT 

 Figure 2.1 shows the general configuration of an OWPP connected through an 

HVDC point-to-point link, where the basic components are indicated. In offshore 

applications, WTs are based on Doubly-Fed Induction Generators (DFIGs) or 

generators with Fully Rated Converters (FRCs) [21]. High-power WTs (from 5 MW) 

use FRCs with Permanent Magnet Synchronous Generators (PMSG) due to their high 

reliability and efficiency [22]. Offshore WTs generate power at low ac, which is 

stepped-up with a transformer to a medium ac voltage (33 - 66 kV [20]) collector grid. 

The most common collector system design consists in a radial grid, where the WTs are 

connected to different feeders or strings as shown in Figure 2.1 [23]. The wind farms 

are connected to offshore collector platforms, where transformers step-up the voltage 

to HVAC (132 – 220 kV [20]). The collector platforms transfer the power to offshore 

HVDC converters through ac export cables. The offshore HVDC converters operate 

as rectifiers and deliver the power to the onshore HVDC substation though HVDC 

transmission cables (up to ±525 kV [24]). The onshore HVDC converters operate as 
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inverters and inject the power to the onshore grid. The early HVDC converters for 

offshore wind integration were based on 2-level topologies, but current designs use 

Modular Multilevel Converter (MMC) topologies to reduce the harmonic emission and 

minimise or eliminate the use of passive filters [11], [23]. Symmetrical monopoles are 

assumed for each sending end of the HVDC transmission system since this is the 

arrangement used in the current projects shown in Table 1.1. 

 

Figure 2.1: General configuration of an OWPP with two wind farms connected through 

an HVDC point-to-point link. 

2.3 HVDC TRANSMISSION SYSTEM CONFIGURATIONS 

The factors used to choose a transmission system topology for OWPPs are 

discussed and a number of HVDC transmission options are described. 

2.3.1 Selection of transmission system configurations 

The main objective of the transmission system is to maximise the wind power 

transfer, which is achieved by reducing the total power losses and energy not supplied 

[8], [25], [26]. However, a complete evaluation must include an economic assessment 

and consider regulatory and geographical limitations [17], [27]. 

Although the components of the transmission system are designed to have 

minimum power losses, optimal operation of the OWPPs can further reduce the total 

losses. Even a 0.1% loss reduction of the nominal wind power transfer could represent 

significant savings [28]. An optimal power flow in an OWPP can be used to determine 
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the power and voltage set-points of the HVDC converters and the WT converters [29]–

[31]. 

Traditionally, transmission systems were designed on a basis of N-1 or N-2 

redundancy, i.e. in case of loss of one (N-1) or two assets (N-2), the rest of the system 

must maintain operation. However, in offshore systems this is not the case due to the 

high cost of redundant components. As an alternative, two approaches are proposed in 

[20]: 

• The economic value of energy not supplied is compared to costs. For 

example, the increase of transmission capacity reduces the wind power 

curtailment, but the initial investment is higher [32]. Therefore, a trade-off 

between cost of the assets and wind power curtailment defines the optimal 

transmission capacity. 

• A minimum availability of the transmission system is set by the consumer 

or a governmental institution. For example, in the UK the Offshore 

Transmission Owners (OFTOs) will be penalised if the availability is less 

than 98% [33]. 

An economic assessment based on a cost-benefit analysis is used to select the best 

transmission system configuration. The costs of the transmission system include the 

initial investment of the assets and the operation and maintenance costs. The income 

is mainly from the wind energy generation, but the provision of ancillary services may 

be rewarded depending on the system operator regulations. Also, the energy savings 

from the reduction of power losses and power curtailment can be used to compare 

transmission topologies [8], [25], [26]. 

The operation and design of the transmission system can be constrained by system 

operator regulations, e.g. in Germany, TenneT requires the grid connection point of 

OWPPs to be at 155 kV with a continuous operating range between 140-170 kV [34]. 

If OWPPs are connected to two or more countries, the selection and design of the 

transmission topology will be more complex due to different regulation requirements 

and potential incompatibilities between countries [35]. Also, geographical constraints 

should be considered, such as location of OWPPs, onshore connection and cable routes 

[27].  
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Existing HVDC-connected OWPPs are based on point-to-point links, but more 

complex configurations have additional advantages in terms of power losses reduction 

and increase of energy availability. 

2.3.2 Point-to-Point systems 

OWPPs can be connected using HVDC point-to-point links. This is the simplest 

option with the lowest cost. Figure 2.2 shows an example of an OWPP connected 

through an HVDC point-to-point system. 

 

Figure 2.2: OWPP connected through a Point-to-point system. 

In case of a dc fault, dc breakers are not necessary, since ac breakers at each HVDC 

converter terminal are used to isolate the dc system. The main disadvantage of this 

topology is that an outage in the transmission system will cause the power loss of the 

entire OWPP, because it is assumed that the configuration is based on symmetrical 

monopoles. All the existing HVDC-connected OWPPs are based on point-to-point 

configurations [16]. 

2.3.3 Offshore ac interconnections 

OWPPs can be interconnected to form an offshore ac grid that delivers wind power 

to the onshore grid through different dc links. Figure 2.3 shows an example of three 

OWPPs with two possible ac grid topologies: multi-infeed connection, where the 

OWPPs are connected to a common ac bus, or meshed ac grid, where the OWPPs are 

interconnected with ac cables. 

 

(a) Multi-infeed connection 
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(b) Meshed ac grid 

Figure 2.3: OWPP connected through an offshore ac grid. 

Offshore ac interconnections will increase the availability of the wind power 

transfer. This is because in case of outage in one of the components, e.g. dc 

transmission cables, ac export cables or HVDC converters, the wind power generation 

can be exported through the remaining cables or converters. In addition, ac 

interconnections allow the active power to be shared among the dc links, which can be 

used to reduce the power losses of the offshore transmission system. Another 

advantage is that ac breakers can be used to isolate the dc links in case of dc fault, as 

in the point-to-point configuration. This option has been presented as the Supernode 

Concept to build part of the future European Supergrid and it has been proposed by 

National Grid as the integrated strategy to connect the incoming long-distance OWPPs 

to Great Britain’s grid [36], [37]. 

2.3.4 Offshore dc interconnections 

As alternative, OWPPs can be interconnected with dc cables to form an offshore dc 

grid. Figure 2.4 shows an example of three OWPPs with two possible offshore dc grid 

topologies: multi-terminal dc grid (MTDC) and meshed dc grid.  

 

(a) Multi-terminal dc grid 
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(b) Meshed dc grid 

Figure 2.4: OWPP connected through an offshore dc grid. 

Offshore dc interconnections offer the same advantages as the ac interconnections 

in terms of increasing availability and active power sharing. Meshed dc grids have 

additional redundancy compared to MTDC grids and they may provide N-1 

contingency. However, the total cost of a meshed dc grid is higher due to additional 

dc cables that increase redundancy. An offshore dc grid requires dc circuit breakers to 

isolate the dc cables in case of dc fault or HVDC converter outage. DC circuit breakers 

are not commercially available, which limits the development of an offshore dc grid. 

AC breakers can be used, but the entire offshore dc grid has to be out of operation after 

a dc fault [38]. Also, other options based on HVDC converters with fault-blocking 

capability can be considered as alternative to the dc breakers [39]. Currently only two 

MTDC grids are in operation: Zhoushan Islands Interconnection and Nan’ao Wind 

Farm Integration [40], [41].  

2.3.5 Future designs 

In order to decrease the total cost of the offshore transmission system, alternative 

solutions have been proposed to reduce the size of the offshore HVDC platform or 

remove it completely. The offshore HVDC converter can be replaced by an diode 

rectifier, which reduces the converter dimensions and increases the robustness in 

offshore environments [42]. Other options are based on dc collector systems, where 

the ac export cables and the ac collector cables are replaced by dc cables. In these 

configurations, the offshore HVDC converter is replaced by an isolated dc-dc 

converter, which allows a smaller footprint of the offshore platform due to the use of 

medium frequency transformers [43]. Also, the offshore platform can be removed and 

the wind power is transferred to the onshore grid through medium voltage dc cables  
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[44]. In this case, the WTs are connected to dc feeders at voltages around ± 60 kV 

through ac-dc converters. Then, the power is transferred directly to an onshore 

substation and transformed back to ac voltage through small dc-ac converters 

connected to each dc feeder or through a large converter in bipolar configuration if the 

dc feeders are clustered in two groups. 

2.4 CONTROL OF HVDC-CONNECTED WIND POWER PLANTS 

2.4.1 General control scheme 

Figure 2.5 shows the general control scheme of a HVDC-connected OWPP [11]. 

The main control blocks are: Grid Side Converter (GSC) control, Wind Farm 

Converter (WFC) control, Wind Power Plant (WPP) control and WT control. The 

details of the HVDC converter controls and the WPP control are presented in this 

section, whereas the WT control is described in Chapter 4 and Appendix C. 

 

Figure 2.5: General control scheme of a HVDC-connected OWPP 

The WFC generates the offshore ac voltage for the WTs, transfers the wind power 

to the HVDC transmission system and can supply reactive power to the export and 

collector cables. The GSC controls the dc voltage of the HVDC transmission system 

and transfers the wind power to the onshore ac grid. The WPP control is responsible 

for the active and reactive power dispatch of the WTs. The power references are sent 

from the WPP controller to each WT through communications channels. TSOs have 

communication with the GSC or the WPP control to request ancillary services for the 

onshore ac grid. Also, TSOs can request power reductions to the WPP controller for 

congestion management.  
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The WTs provide ancillary services to the onshore grid if there is an artificial 

coupling between the onshore and offshore ac grids. Fast communication between the 

GSC and the WFC or WPP controller can be used to transfer the variations of onshore 

frequency and ac voltage to the WTs [45]. Alternatively, artificial coupling can be 

achieved without fast communication between VSCs [46]. In this case, GSC transfers 

the variation of onshore frequency or ac voltage as a dc voltage, which is used as a 

communication signal that is measured by the WFC. 

2.4.2 Wind Power Plant Control 

The WPP control is a centralised controller that defines the active and reactive 

power scheduling of the WTs based on measurements from the Grid Connection Point 

(GCP) of the OWPP, the available wind power and the requirements from the TSOs. 

Figure 2.6 shows an example of the WPP control structure proposed by the Technical 

University of Denmark (DTU) [47]. 

 

Figure 2.6: WPP control based on [47]. 

The WPP has a number of control functions that can be activated manually by the 

TSO or automatically by using measurements at the GCP. According to [47] there are 

two types of control functions: standard control functions and additional control 

functions. The standard control functions are services required by TSOs and include 

active power control, frequency response, reactive power and voltage control. The 

additional control functions are services expected to be implemented in WPPs and 

include inertia response, power system damping and synchronising power. Fault Ride 

Through (FRT) is not included as control function because it is implemented at WT 

level [47]. The WPP control functions have to be coordinated with the operation of the 

HVDC transmission system, as explained more in detail in Section 2.5. 
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The standard control functions provide active and reactive power set-points, 𝑃𝑠𝑒𝑡
𝑊𝑃𝑃 

and 𝑄𝑠𝑒𝑡
𝑊𝑃𝑃, that are regulated by a PI controller using power measurements at the GCP, 

𝑃𝑚𝑒𝑠
𝐺𝐶𝑃 and 𝑄𝑚𝑒𝑠

𝐺𝐶𝑃. The power references from the additional control functions, ∆𝑃𝑟𝑒𝑓
𝑊𝑃𝑃 

and ∆𝑄𝑟𝑒𝑓
𝑊𝑃𝑃, are included as feed-forward components after the PI controller outputs, 

𝑃𝑟𝑒𝑓0
𝑊𝑃𝑃 and 𝑄𝑟𝑒𝑓0

𝑊𝑃𝑃 [47]. The PI controller is designed to have a response much slower 

than the WT control. This allows the additional control functions to operate 

simultaneously with the standard functions without interaction. The WPP dispatch 

receives the total active and reactive power references, 𝑃𝑟𝑒𝑓
𝑊𝑃𝑃 and 𝑄𝑟𝑒𝑓

𝑊𝑃𝑃, and sends 

power references to the WTs, 𝑃𝑟𝑒𝑓,𝑖
𝑊𝑇 , according to the available wind power generation 

of each WT, 𝑃𝑎𝑣,𝑖
𝑊𝑇.  

2.4.3 Grid Side HVDC Converter Control 

Figure 2.7 shows the general control scheme of a GSC. This VSC is controlled 

using a vector control strategy, where the d-axis regulates dc voltage or active power 

and the q-axis controls reactive power or ac voltage. The outer loops use PI controllers 

to compute the ac current references, 𝑖𝑑
∗  and 𝑖𝑞

∗ , which are fed to the inner loop, as 

illustrated in Figure 2.7. Also, a Phase Locked Loop (PLL) tracks the phase of the 

onshore ac voltage, which is used in the vector control to obtain the dq components.  

In an offshore dc grid with several HVDC converters, the GSCs are coordinated 

using two main options: master-slave control or distributed dc voltage control [48]. In 

master-slave control, one of the GSCs regulates the dc voltage (master converter) and 

the others regulate active power (slave converters). The outage of the master converter 

can cause a blackout in the dc grid, unless another converter takes over the dc voltage 

regulation. In distributed dc voltage control, a number of GSCs regulate dc voltage 

and share the active power transfer using a droop control of active power – dc voltage, 

which is enabled when  𝑘𝑝𝑣 or  𝑘𝑣𝑝 are non-zero in Figure 2.7. In case of multiple 

GSCs connected to an onshore ac grid, reactive power and ac voltage regulation can 

be coordinated with a droop control of reactive power – ac voltage, which is enabled 

when  𝑘𝑞𝑣 or  𝑘𝑣𝑞 are non-zero in Figure 2.7. 
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Figure 2.7: Control scheme for GSCs using vector control 

2.4.4 Wind Farm HVDC Converter Control 

Figure 2.8 shows the general control scheme of a WFC. This VSC controls the 

voltage and frequency of the offshore ac grid. The voltage control can be implemented 

with an amplitude control or a vector control based on an outer voltage loop and an 

inner current loop, as illustrated in Figure 2.8 [49]–[52]. If the WFC is an MMC, the 

high frequency filter (represented as the capacitor 𝐶𝑠 in Figure 2.8) is not necessary 

and only an outer voltage loop can be used in the vector control [53]. The frequency 

and phase of the offshore grid are generated by an oscillator.  

In case of multiple WFCs connected to an offshore ac grid, the ac voltage control 

can be coordinated by the converters using a reactive power – ac voltage droop control, 

which is enabled when 𝑘𝑝𝑓 is non-zero [50]. Also, the active power can be shared 

between the converters using a droop control of active power – frequency, which is 

enabled when 𝑘𝑞𝑣 is non-zero [50], [54]. 
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Figure 2.8: Control scheme for WFCs using amplitude control or vector control. 

2.4.5 Converter Control Interactions 

The large number of converters in HVDC-connected OWPPs can cause operational 

problems due to converter control interactions. OWPPs can become unstable if poorly 

damped resonances of the offshore ac or dc system interact with the converters. In [55] 

grid resonances are classified in two main categories: harmonic resonances and near-

synchronous resonances.  

Harmonic resonances are in the range from hundreds of Hz to few kHz. They are 

caused by the interaction of electrical resonances with the switching control and the 

inner current or voltage loop control of the VSCs. In HVDC-connected OWPPs 

electrical resonances originate from the inductive and capacitive characteristic of 

cables, transformers and filters of the offshore system [11], [19], [20]. Harmonic 

instabilities will occur in OWPPs if resonances are excited by the harmonic emission 

of the converters or during specific operations, such as the offshore grid energisation 
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or switching operations in the offshore system due to unexpected or planned outages 

[20], [56]. 

Near-synchronous resonances are in the range from frequencies below the 

synchronous frequency f0 (subsynchronous resonances [57]) to values close to 2 f0. 

(supersynchronous resonances). They are caused by the interaction of mechanical or 

electrical resonances with the inner loop control or the outer loop controls of the VSCs, 

i.e. active power control, dc voltage control, reactive power control, ac voltage control 

and PLL [51], [58], [59]. In HVDC-connected OWPPs mechanical interactions are 

only possible with WTs based on DFIG, because the stator is directly connected to the 

offshore ac grid [60]. 

2.5 FUNCTIONAL REQUIREMENTS 

The functional requirements of an HVDC-connected OWPP can be classified 

according to Table 2.1. 

Table 2.1: Functional requirements in HVDC-connected OWPPs  

Function 
Onshore ac 

grid 

Offshore ac 

grid 

Overall 

system 

Active Power Management   x 

Reactive Power and 

Voltage Support 
x x  

Frequency Support  x   

Inertia Response x   

Fault Ride Through x x  

Short Circuit Current 

Contribution 
x x  

Power Oscillation 

Damping  
x   

The onshore control functions are related to grid code requirements of the onshore 

grid. The requirements defined for WPPs, dc-connected systems and offshore-

connected systems are also applied for HVDC-connected OWPPs. These control 

functions are provided by the GSC or in coordination with the WFC and the OWPP. 
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Offshore ac grids connected through HVDC systems are islanded grids with a large 

number of power converters, which may define different requirements compared to 

the onshore grids. The offshore control functions are provided by WFCs and WTs. 

Currently, there are not grid codes for HVDC-connected offshore ac grids and it is 

assumed that the WTs connected to these islanded systems will follow the grid code 

requirements of ac-connected OWPPs [20]. 

2.5.1 Active power management 

In low-medium wind speeds the OWPP extracts maximum power based on 

Maximum Power Point Tracking (MPPT) control at each WT and in high wind speeds 

the OWPP generates the nominal power. The WPP control reduces the active power 

and limits the rate of change of power when is required by the TSOs. Figure 2.9 

illustrates the active power control functions. The wind power can be curtailed to have 

power reserve for congestion management or frequency response [47]. The power 

curtailment is achieved with balance control, which is a constant reduction of active 

power, or delta control (also known as power spinning reserve), which is an active 

power reduction proportional to the wind generation. In addition, a power ramp rate 

control is included to limit the increase or decrease of active power.  

 

(a) Balance control 

 

(b) Delta control 

 

(c) Power ramp rate control 

Figure 2.9: Active power control functions of OWPP. 

2.5.2 Reactive Power Control and Voltage support 

In the onshore ac grid, GSCs provide reactive power and ac voltage support based 

on grid code requirements at the onshore point of connection. The HVDC converter 

can operate in three different control modes: reactive power control, ac voltage control 

or power factor control. In Europe, ENTSOE has defined general requirements for dc-

connected power park modules in relation to [18]: 
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• The maximum period of time that the converters must operate in different 

voltage ranges.  

• The reactive power capability as a V - Q/Pmax profile that determines the 

operational boundaries of the converter as shown in Figure 2.10. 

• The voltage transient response. 

 

Figure 2.10: ENTSOE requirements for voltage at the grid connection point of a dc-connected 

system [18]. Voltage operational boundaries are function of Q/Pmax, where Pmax is the 

maximum active power transmission capacity. The outer envelope represents the maximum 

values fixed by ENTSOE. The inner envelope is defined by each system operator and it does 

not have to be a rectangle.  

Also, a number of European system operators have more specific regulations. For 

example, Figure 2.11 shows the reactive power capacity diagram required by National 

Grid in Great Britain and Figure 2.12 shows the power factor diagram required by 

TenneT in Germany and National Grid. 

 

Figure 2.11: National Grid (Great Britain) requirements for reactive power capacity at the 

interface connection point of a WPP or a DC-connected system [61]. The Q values are 

expressed as function of the interface point capacity of the OWPP. The dashed area is an 

optional requirement for active power generation below 0.2 pu. 
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Figure 2.12: Voltage limits as function of power factor required by National Grid (Great 

Britain) in WPPs or DC-connected systems and TenneT (Germany) in offshore-connected 

systems [34], [61]. TenneT defines the nominal voltage at the onshore connection point in 155 

kV. National Grid has different voltage levels (380, 220, 110 and 33 kV), but only high voltage 

is considered for OWPPs.  

In the offshore ac grid, the voltage is regulated by the WFCs. The WTs can be set 

to control reactive power, ac voltage or power factor. The minimum requirements in 

the offshore ac grid are to keep the ac voltage within safe limits and to compensate the 

reactive power of the medium voltage collector cables and the high voltage export 

cables. Passive reactive compensators can be installed on the offshore platforms or 

WTs at the expense of increasing the total installation costs. Also, WFCs and WT grid-

side converters can supply reactive power to the offshore ac grid. If all converters 

supply reactive power, an optimal power flow can be defined to minimise power losses 

or to reduce the size or number of passive compensation components [29], [49]. 

Grid codes define requirements for ac-connected OWPPs at the connection point of 

the offshore ac grid. For example, TenneT defines the PQ-diagram shown in Figure 

2.13 for each WT. National Grid does not define specific requirements for each WT, 

but the reactive power transfer at the offshore grid entry point of OWPPs must be zero.  

 

Figure 2.13: TenneT (Germany) requirements for reactive power capacity supplied by a 

generator unit at the grid connection point [34]. 
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In addition, a number of system operators require WTs to provide voltage control 

during fault conditions. For example, TenneT defines a reactive power – ac voltage 

droop characteristic, as shown in Figure 2.14. Also, the reactive power injection from 

each WT has to be coordinated to prevent ac overvoltage at the terminals located far 

from the fault [49]. 

 

Figure 2.14: Voltage support during ac fault required by TenneT (Germany) in generating 

units [34]. 

2.5.3 Frequency Support 

OWPPs can provide frequency response to the onshore grid as conventional 

synchronous generators. In case of overfrequency events, WTs reduce the active power 

output using pitch angle control [62]. If WTs are required to respond to underfrequency 

events, they must operate in deloaded mode, i.e. below maximum power extraction, 

during normal operation to ensure a power reserve margin. The deloading operation of 

the WTs is achieved by rotor speed control or pitch angle control [63]. 

Frequency response can be activated manually by TSOs as a temporary variation of 

active power, i.e. based on balance or delta control. Also, the WTs can respond 

automatically if they have information about the onshore frequency. This response can 

be a temporary variation of active power or a droop control that exchanges additional 

active power according to the onshore frequency variation. 

OWPPs connected through HVDC links are decoupled from onshore frequency 

variations. HVDC converters and the WPP control can be coordinated to transfer the 

onshore frequency information to the WTs and activate the frequency response. Such 

frequency coupling between onshore and offshore ac grids can be implemented with 

fast communications between the VSCs or using the voltage of the HVDC system as 

an intermediate information signal between the GSC and the WFC [45], [46].   
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Figure 2.15: Frequency response characteristic required by EirGrid (Ireland) in WPPs [65]. 

Points A-E are defined depending on system conditions and location of the OWPP. Deadband 

frequency range is between B and C. 

 

Figure 2.16: Frequency response characteristic required by TenneT (Germany) in offshore-

connected systems [34]. The power reduction depends on the current available power, PM. 

 

Figure 2.17: ENTSOE requirements for frequency response in DC-connected systems [18]. A 

Frequency Sensitive Mode (FSM) is defined for under and overfrequency events, whereas a 

Limited Frequency Sensitive Mode (LFSM) can be defined for a frequency trend or both. The 

droop gains s1 – s4 are at least 0.1%, the maximum deadband is ±500 mHz and the maximum 

insensitivity is 30 mHz.  The LFSM is activated for frequency variations higher than 200 mHz. 

Grid codes include requirements that define a droop control characteristic and the 

minimum response times [64]. As example, Figure 2.15 shows the response for under 

and overfrequency events required by EirGrid in Ireland. A number of system 
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operators only require response for overfrequency events, e.g. TenneT as shown in 

Figure 2.16. Also, ENTSOE defines the maximum period of time that the converters 

must operate in different frequency ranges and provides a range of values for 

parameters of the droop control, as described in Figure 2.17  [18]. 

2.5.4 Inertia Response 

Inertia response is a fast frequency response service to limit the frequency variation 

and the Rate of Change of Frequency (RoCoF) of the onshore ac grid during the first 

seconds after a power imbalance. This service is activated automatically when the 

onshore frequency or RoCoF exceed a predefined threshold. OWPPs can provide 

inertia response through inertia emulation or operating in deloaded mode. Inertia 

emulation consists on using the kinetic energy stored in WT rotating mass to provide 

additional power to the onshore grid. Electrostatic energy from dc link capacitors of 

the HVDC system can be also used to emulate inertia [66]–[70]. The time response to 

release the energy from dc capacitors is faster than the WT rotating mass. However, 

the energy extracted from dc capacitors is limited unless large capacitors are utilised 

[66], [71]. Also, the dc choppers of the HVDC system can be used to absorb power 

during overfrequency events [72].  

The grid codes are starting to introduce inertia response requirements for WPPs. 

System operators in Canada and Brazil have defined requirements as inertia emulation 

[73]–[75]. Also, inertia response has been proposed by a number of system operators 

as a short-term increase of active power. As example, National Grid has introduced a 

new service called Enhanced Frequency Response to provide support from solar PV, 

battery storage and WPPs [76], [77]. ENTSOE defines inertia response from dc-

connected systems, but the specific requirements have to be agreed between a relevant 

TSO and the HVDC system owner [18].  

2.5.5 Fault Ride Through Capability and DC Overvoltage 

HVDC-connected OWPPs are required to have FRT capability, i.e. they have to 

remain connected to the onshore or offshore ac grid during temporary ac faults. The 

grid codes define a voltage-against-time characteristic that represents the minimum 

voltage that the VSCs have to withstand without disconnection.  

In case of onshore ac faults, GSCs have to comply with the onshore grid codes. 

Figure 2.18 describes the FRT profile required by ENTSOE in HVDC-connected 
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power plants, where the voltage and time parameters are defined as a range of values 

at the grid connection point of the GSCs. Also, ENTSOE defines additional 

requirements, e.g. in case of asymmetrical faults or in relation to the post fault active 

power recovery [18]. 

 

Figure 2.18: FRT profile required by ENTSOE at the grid connection point of HVDC-

connected power plants [18]. 𝑈𝑟𝑒𝑡  is the retained voltage during an ac fault, 𝑡𝑐𝑙𝑒𝑎𝑟 is the fault 

duration and (𝑈𝑟𝑒𝑐1, 𝑡𝑟𝑒𝑐1) and (𝑈𝑟𝑒𝑐2, 𝑡𝑟𝑒𝑐2) are limits defined during the fault recovery. 

During an onshore ac fault the GSC power capacity is reduced, which will cause a 

power imbalance in the offshore transmission system if the wind power generation 

cannot be transferred to the onshore grid. As a consequence, there will be an 

overvoltage in the dc system. In case of offshore grid topologies with multiple GSCs, 

the wind power excess can be transferred through the other GSCs if they have available 

power capacity. 

The dc overvoltage can be limited by using dc choppers in the HVDC system that 

absorb the power excess during an ac fault [78]–[80]. DC choppers are robust, fast and 

do not affect the OWPP operation. However, the use of a resistor with chopper circuit 

will have an additional cost and require space in the converter stations. This solution 

is currently used in existing HVDC-connected OWPPs [81]. In addition, the dc 

overvoltage can be prevented by reducing the wind power generation [80], [82], [83]. 

The GSCs connected to the faulty onshore grid and the OWPPs have to be coordinated, 

since the HVDC system decouples the offshore and onshore ac grids. Fast 

communications can be used to rapidly deload the WTs, but inherent delays or loss of 

communication may compromise the effectiveness of this option [83]. As alternative, 

local measurements of the WTs can be used to activate the power reduction. In this 

case, the WFCs reduce the ac voltage or increase the frequency of the offshore ac grid 

according to the dc overvoltage magnitude and this is used as an intermediate signal 

that is measured by the WTs [80], [82]. 
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In case of offshore ac faults, FRT capability is required for WTs. Each WT follows 

FRT requirements at the connection point of the collection grid. Figure 2.19 shows a 

summary of FRT requirements for WTs in various grid codes [84]. Also, WTs have to 

reduce the wind generation or use a dc chopper to prevent overvoltage in the dc link 

of the back-to-back converter [85], [86]. WFCs have to remain connected to the 

offshore ac grid, but FRT requirements are not specified in the grid codes. 

 

Figure 2.19: FRT requirements for WTs in different countries [84]. 

2.5.6 Short Circuit Current Contribution 

During ac faults, the HVDC and WT converters can provide short circuit current, 

but the contribution is reduced due to the limited overload capacity of VSCs [87]. The 

injection of reactive short circuit current from VSCs is necessary to avoid maloperation 

of the ac protection systems and improve the voltage and transient stability of the 

onshore and offshore ac grids [88].  

In case of onshore ac faults, GSCs provide short circuit current. GSCs have general 

onshore grid code requirements defined by ENTSOE to provide short circuit 

contribution as a fast fault current [18]. In case of offshore ac faults, WFCs and WTs 
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provide short circuit current. WFCs do not have grid code requirements, but general 

recommendations are found in [20]. WFCs should inject full short circuit current 

during three-phase faults and in case of asymmetrical faults, the converters should 

reduce the short circuit current contribution to prevent overvoltage in the healthy 

phases.  

The short circuit current contribution of the WTs depends on the WT topology [20]. 

FRC-WTs can provide limited short circuit current, because the stator of the WT 

generator is connected to the offshore ac grid through a back-to-back converter. DFIG-

WTs can provide high short circuit current, since the stator of the WT generator is 

directly connected to the offshore ac grid. However, a crowbar circuit in the rotor or a 

dc chopper in the back-to-back converter are necessary to absorb the short circuit 

currents and reduce stress on the WT generator. In case of asymmetrical faults, WT 

grid-side converters can control positive and negative sequence current separately. 

Negative sequence currents can be suppressed to allow injecting full positive sequence 

of short circuit current or can be injected to balance the grid voltage [20]. 

2.5.7 Power Oscillation Damping 

Active and reactive power from HVDC-connected OWPPs can be used to damp 

low frequency power oscillations of the onshore ac grid. Reactive power regulation is 

provided by the GSCs without contribution from the OWPPs [89], [90]. Active power 

regulation is provided by the WTs using pitch angle or converter control and must be 

coordinated with the HVDC converters. Active power might not be sufficient due to 

the limited short-term overload capability of WT VSCs. A combination of active and 

reactive power regulation can be used for optimal performance [89]. 

A number of control strategies have been presented in the literature to provide 

power oscillation damping from HVDC systems and WPPs, but grid code 

requirements are still under discussion [89], [91], [92]. For example, ENTSOE defines 

a power oscillation damping requirement, but the implementation details must be 

agreed between the owners of HVDC systems or OWPPs and the relevant TSOs [18]. 

2.6 SUMMARY 

In this chapter, three main topics have been discussed: HVDC transmission system 

configurations, control structures and functional requirements.  
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Existing HVDC-connected OWPPs use point-to-point links, which represents the 

simplest option with the lowest cost. More complex topologies with ac and dc 

interconnections between OWPPs increase redundancy and optimise the wind power 

transfer, but the initial investment also increases due to the installation of a larger 

number of components.  

The generic control scheme of an HVDC-connected OWPP includes a WPP 

controller and the control of the onshore and offshore HVDC converters. 

Communication between control blocks is essential to coordinate the operation of the 

OWPP and the HVDC system and receive TSO requests.  

HVDC-connected OWPPs have general functionalities for active power transfer 

and specific control functions for onshore and offshore grids. Onshore grid 

functionalities are mostly related to current and upcoming grid code requirements of 

TSOs. Offshore grids are islanded systems, where the operation can be optimised 

without limitations from onshore grid codes. 
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Chapter 3  

3.Interlinks between HVDC-Connected 

Offshore Wind Power Plants 

3.1 INTRODUCTION 

The first HVDC-connected Offshore Wind Power Plants (OWPPs) were built in 

Germany and are based on point-to-point links [16]. Offshore cables may be installed 

between these existing OWPPs in order to increase reliability, minimise power losses, 

address intermittency of wind and increase trading capability between countries [20], 

[25], [26], [35], [93]. Such offshore cables are known as interlinks and are illustrated 

in Figure 3.1 [20]. The increase of reliability employing interlinks was studied in [94] 

using Dogger Bank offshore wind farms (in the UK) as a case study. However, 

interlinks increase the cost of the offshore transmission system. Therefore, an 

economic analysis was undertaken to evaluate the operational savings from reducing 

power losses and power curtailment when interlinks are installed between OWPPs.  

 

Figure 3.1: Representation of ac and dc interlinks. 

This chapter analyses the contribution of three interlink options between two 

HVDC-connected OWPPs: (i) dc interlink between offshore HVDC converters, (ii) ac 

interlink between offshore HVDC converters and (iii) ac interlink between collector 

platforms (see Figure 3.3). The structure of this chapter with the associated sections is 

illustrated in Figure 3.2. Interlink options are compared in terms of power losses and 
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reliability and recommendations are proposed to decide the best interlink location. 

Power losses of the offshore components are reduced with an optimal power and 

voltage operation defined by the VSCs. Reliability is analysed according to the 

availability of each transmission system topology and using COPTs. An example of a 

cost-benefit analysis with real wind speed data is used to evaluate the interlink options 

and quantify operational savings. In addition, a design procedure is proposed to 

determine the interlink cable capacity based on power losses and availability 

requirements. 

 

Figure 3.2: Structure of Chapter 3. 

3.2 INTERLINK OPTIONS 

An economic assessment is used to select an optimal interlink option. The objective 

of this assessment is to minimise the interlink investment cost and maximise the 

operational savings. The interlink topologies are defined by the following 

characteristics: 

• Location and length of the cable. The interlink cables can be installed between 

HVDC converters or collector platforms. The cable location with the shortest 

length is preferred for cost reasons.  

• Cable types. Options with dc and ac cables are compared. The cost and 

efficiency of the cables depends on their voltage and current ratings. Also, 

circuit breakers are required to isolate the interlink in case of fault or planned 

outage. However, dc breakers are not commercially available and they may be 

more expensive than ac breakers.  
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An HVDC interlink between onshore converters is not considered in the topology’s 

comparison, because it is mainly used for energy trading between two countries or to 

increase the transmission capacity between two areas in the same country. Also, 

interlinks at medium voltage ac (MVAC) between collector platforms are not analysed, 

because MVAC cables, compared to equivalent HVAC cables, are not suitable for long 

distance interconnection and large power exchange between OWPPs [20]. Figure 3.3 

highlights the interlinks that are analysed in the following sections, which are: 

• dc offshore converter interlink, which is the HVDC interlink between 

offshore HVDC converters 

• ac offshore converter interlink, which is the HVAC interlink between 

offshore HVDC converters 

• ac collector platform interlink, which is the HVAC interlink between 

collector platforms. 

 

Figure 3.3: Interlink options between OWPPs. 

The following factors are analysed to select the appropriate interlink cable: 

• Reduction of power losses. Interlinks modify the power sharing between 

transmission systems. This reduces power losses, hence maximises the wind 

power transfer [20].  

• Increase of energy availability. Interlinks provide an alternative supply route 

in case of planned disruption or potential faulted outage of transformers, cables 

or converters [20]. This reduces the wind power curtailment. 

Operational savings will be achieved from a reduction of power losses and 

increased availability. These two factors are analysed in more detail in the following 

sections. 
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3.3 CASE STUDY 

Two identical 492 MW HVDC-connected OWPPs are considered in this study. 

Figure 3.5 shows the general scheme of the OWPPs and the transmission system. The 

OWPPs are based on the layout of the Fecamp project [99]. There are 2 wind farm 

clusters with 41 WTs of 6 MW each one. These clusters are aggregated as single WTs 

in series with an impedance that has equivalent power losses to the detailed collector 

grid and the WT transformers [100]. The wind generation is represented as an injection 

of active power from each cluster.  

The wind farms are connected to the collector grid operating at a voltage of 33 kV 

and the collector transformers step-up the voltage to 220 kV. The export cables have 

a transmission distance of 10 km and deliver the power to the offshore HVDC 

platform. The HVDC cables operate at dc voltage of ±320 kV and transfer the power 

generated from the OWPP to the onshore HVDC substation over a transmission 

distance of 100 km. It is supposed that the HVDC and WT converters supply all the 

reactive power of the offshore grid and passive elements are not required. More details 

about the OWPPs specifications are found in Appendix H. 

 

Figure 3.4: Case study with two HVDC-connected OWPPs used in power loss and 

availability analysis. 

3.4 POWER LOSS ANALYSIS 

An Optimal Power Flow (OPF) algorithm is used to minimise the power losses in 

HVDC-connected OWPPs. Power loss reduction in the transmission system is 

quantified when optimal power and voltage are scheduled by the VSCs 
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3.4.1 Possibilities to Reduce Power Losses 

VSCs of HVDC-connected OWPPs can control the following magnitudes: 

• ac voltage in the offshore ac grid 

• dc voltages in the HVDC transmission system. 

• reactive power compensation in the offshore ac grid 

• active power sharing through the interlinks 

If ac and dc voltages are increased the total power losses are reduced. However, 

power system equipment has voltage limits, which should not be exceeded during 

normal operation. The ac voltage of the offshore ac grid is controlled by offshore 

HVDC converters and the dc voltage of the dc links is controlled by onshore HVDC 

converters.  

Offshore HVDC converters and WT grid-side converters supply the necessary 

reactive power for the components of the offshore ac grid. The reactive power supply 

can be optimally scheduled to minimise power losses. In a single point-to-point 

HVDC-connected OWPP, optimal voltages and reactive power supply reduce power 

losses without using interlinks. 

For multiple HVDC-connected OWPPs, interlinks are used to exchange active 

power and wind power generation is optimally scheduled between the OWPP 

transmission systems to further reduce the power losses. Offshore HVDC converters 

control the active power sharing in ac interlinked options and onshore HVDC 

converters are responsible for the active power sharing in dc interlinked options. 

3.4.2 Model for Optimal Power Flow Analysis 

Figure 3.5 shows the model of the case study in Section 3.3, where the HVDC 

converters, WTs, buses and admittances are enumerated. The dc cable between buses 

3 - 4 and the offshore ac cables between buses 3 - 4 and buses 5 - 6 are the possible 

interlink options. The offshore and onshore ac grids are represented as admittance 

matrices, where, 

• The ac cables are single π sections with �̅� = 𝑦∠𝜑 =
1

𝑟+𝑗𝑥𝑙
 and �̅�𝑐 = 𝑗

𝑏𝑐

2
 

• The transformers are RL circuits with �̅� = 𝑦∠𝜑 =
1

𝑟+𝑗𝑥𝑙
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The offshore dc grid is represented as a conductance matrix, where the dc cables 

are resistances with 𝑔 = 1/𝑟. The HVDC and WT converters are modelled as an 

injection of active and reactive power with power losses. This representation is 

sufficient for OPF analysis. 

 

Figure 3.5: Model of the case study with enumeration of converters, buses and 

admittances (interlink cables options are indicated in grey rectangles). 

3.4.3 Optimal Power Flow Formulation 

The OPF is defined as: 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑓(𝒙, 𝒖) =  𝑝𝑙𝑜𝑠𝑠𝑒𝑠,𝑇 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:  𝒈(𝒙, 𝒖) = 0 𝑎𝑛𝑑 𝒉(𝒙, 𝒖) ≤ 0 

( 3.1 ) 

where 𝑓 is the objective function, 𝒙 is the vector of state variables, 𝒖 is the vector of 

control variables to optimise,  𝒈 are the equality constraints and 𝒉 are the inequality 

constraints of the optimisation problem. More details about the variables are found in 

Appendix B. The OPF is solved with the interior-point algorithm and using the 

function fmincon from MATLAB. 

The objective function of this OPF is to minimise power losses of the transmission 

system and the VSCs. The expression of the objective function is: 

𝑝𝑙𝑜𝑠𝑠𝑒𝑠,𝑇 = 𝑝𝑙𝑜𝑠𝑠,𝑎𝑐_𝑐𝑏 +  𝑝𝑙𝑜𝑠𝑠,𝑑𝑐_𝑐𝑏 + 𝑝𝑙𝑜𝑠𝑠,𝑡𝑟 + 𝑝𝑙𝑜𝑠𝑠,ℎ𝑣𝑑𝑐_𝑐𝑜𝑛𝑣 + 𝑝𝑙𝑜𝑠𝑠,𝑤𝑡_𝑐𝑜𝑛𝑣 

( 3.2 ) 
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where the subscript 𝑎𝑐_𝑐𝑏 represents ac cables, 𝑑𝑐_𝑐𝑏 represents dc cables, 𝑡𝑟 

represents transformers, ℎ𝑣𝑑𝑐_𝑐𝑜𝑛𝑣 represents HVDC converters and 𝑤𝑡_𝑐𝑜𝑛𝑣 

represents WT converters.  

The HVDC and WT converter power losses are expressed as: 

𝑝𝑙𝑜𝑠𝑠,𝑐𝑜𝑛𝑣 = 𝑎 + 𝑏 ∙ 𝑖𝑐 + 𝑐 ∙ 𝑖𝑐
2 ( 3.3 ) 

where a, b and c are the power loss coefficients that depend on the converter topology 

and 𝑖𝑐 is the converter current. All these magnitudes are in per-unit considering the 

rated power and voltage of a converter as base values. The coefficient a represents 

constant power losses due to auxiliary equipment (i.e. lightning, heating, cooling and 

control systems), the coefficient 𝑏 represents the switching losses of the valves and the 

coefficient c represents the conduction losses of the valves. The converter current is 

formed by the active and reactive power exchange with the ac grid: 

𝑖𝑐 =
√𝑝𝑐2 + 𝑞𝑐2

𝑢𝑐
 ( 3.4 ) 

The WT converters are represented as 2-level VSCs and the HVDC converters as 

MMCs. The power loss coefficients for the WT converters were obtained from [95]. 

The coefficients for a 2-level VSC-HVDC converter were obtained from [96], but if a 

multi-level converter topology is considered the power losses are half than in a 2-level 

VSC [97], [98]. Table 3.1 shows the coefficients used in this study. It is observed that 

the constant power losses in the MMCs are significantly higher than in the 2-level 

VSCs. This is because MMC-HVDC substations require more auxiliary equipment 

than WT 2-level VSCs for the same rated power. 

Table 3.1: Power loss coefficients of different converters expressed in per-unit [95]–[98]. 

Converter a b c 

Wind Turbine 2-level VSCs 0.00048 0.0097 0.0048 

MMC-HVDC  
Offshore converter (rectifier) 0.0042 0.0015 0.0016 

Onshore converter (inverter) 0.0042 0.0014 0.0022 

More details about the power loss expression of each component are found in 

Appendix B. 
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The equality constraints correspond to power flow equations in ac and dc grids. In 

ac grids, the following equations are defined at each bus for active and reactive power 

flows: 

∑ 𝑝𝑖−𝑗

𝑁𝑏𝑢𝑠,𝑎𝑐

𝑗≠𝑖

+ 𝑝ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖 − 𝑝𝑤𝑡,𝑖 = 0  for  𝑖 = 1,… ,𝑁𝑏𝑢𝑠,𝑎𝑐 ( 3.5 ) 

∑ 𝑞𝑖−𝑗

𝑁𝑏𝑢𝑠,𝑎𝑐

𝑗≠𝑖

+ 𝑞ℎ𝑣𝑑𝑐,𝑖 − 𝑞𝑤𝑡,𝑖 = 0  for  𝑖 = 1,… ,𝑁𝑏𝑢𝑠,𝑎𝑐 ( 3.6 ) 

where 𝑁𝑏𝑢𝑠,𝑎𝑐 is the number of buses in the ac grids. The active power flow from bus 

i to bus j can be expressed as [159]: 

𝑝𝑖−𝑗 = 𝑦𝑖−𝑗𝑣𝑖𝑣𝑗 cos(𝜃𝑖 − 𝜃𝑗 − 𝜑𝑖−𝑗) ( 3.7 ) 

𝑞𝑖−𝑗 = 𝑦𝑖−𝑗𝑣𝑖𝑣𝑗 sin(𝜃𝑖 − 𝜃𝑗 − 𝜑𝑖−𝑗) −
𝑏𝑐
2
𝑣𝑖
2 

( 3.8 ) 

where 𝑏𝑐 = 0 if the branch between bus i and j is a transformer. 

In the dc grid, the following equations are defined at each bus for current flows: 

∑ 𝑖𝑖−𝑗

𝑁𝑏𝑢𝑠,𝑑𝑐

𝑗≠𝑖

+ 𝑖ℎ𝑣𝑑𝑐,𝑖 = 0  for  𝑖 = 1,… ,𝑁𝑏𝑢𝑠,𝑑𝑐 ( 3.9 ) 

where 𝑁𝑏𝑢𝑠,𝑑𝑐 is the number of buses in the dc grid. The currents from bus i to bus j 

and the currents from the HVDC converters are expressed as: 

𝑖𝑖−𝑗 = 𝑔𝑖−𝑗(𝑣𝑑𝑐,𝑖 − 𝑣𝑑𝑐,𝑗) ( 3.10 ) 

𝑖ℎ𝑣𝑑𝑐,𝑖 = 
𝑝ℎ𝑣𝑑𝑐_𝑑𝑐,𝑖
𝑣𝑑𝑐,𝑖

 ( 3.11 ) 

The power flow through the HVDC converters is expressed as: 

𝑝ℎ𝑣𝑑𝑐_𝑎𝑐 − 𝑝ℎ𝑣𝑑𝑐_𝑑𝑐 − 𝑝𝑙𝑜𝑠𝑠,ℎ𝑣𝑑𝑐 = 0   ( 3.12 ) 

where the equation for 𝑝𝑙𝑜𝑠𝑠,ℎ𝑣𝑑𝑐 is  ( 3.3 ).  



Chapter 3 Interlinks between HVDC-Connected Offshore Wind Power Plants 

37 

In addition, more equality constraints are necessary when the OPF does not 

optimise the powers or voltages of the system. These constraints were used in Section 

3.4.4 to analyse the contribution of reactive power and voltage optimisation. 

If voltages in the offshore ac grid are not optimised, offshore HVDC converters 

control POC voltage at 1 pu: 

𝑣𝑜𝑓𝑓,3 = 𝑣𝑜𝑓𝑓,4 = 1 𝑝𝑢 ( 3.13 ) 

If reactive power supply of the offshore ac grid is not optimised, the reactive power 

from WTs is equal to zero and offshore HVDC converters supply all reactive power: 

𝑞𝑤𝑡,𝑖 =  0 for 𝑖 = 15, … ,18 ( 3.14 ) 

The inequality constraints correspond to voltage and current limits. The ac and dc 

voltage limits assume a ±10% deviation from the nominal value: 

{

0.9 𝑝𝑢 < 𝑣𝑜𝑓𝑓,𝑖 < 1.1 𝑝𝑢 for  𝑖 = 1,… ,18

0.9 𝑝𝑢 < 𝑣𝑜𝑛,𝑖 < 1.1 𝑝𝑢 for  𝑖 = 1, … ,4

0.9 𝑝𝑢 < 𝑣𝑑𝑐,𝑖 < 1.1 𝑝𝑢 for  𝑖 = 1,… ,4

  ( 3.15 ) 

The current limits are considered in cables, transformers and converters. The 

current limits in ac cables and transformers are expressed as: 

√𝑝𝑖−𝑗2 + 𝑞𝑖−𝑗2

𝑣𝑖
≤ 𝑖𝑚𝑎𝑥  ,   

√𝑝𝑗−𝑖2 + 𝑞𝑗−𝑖2

𝑣𝑗
≤ 𝑖𝑚𝑎𝑥  

for 𝑖, 𝑗 = 1,… ,𝑁𝑏𝑢𝑠,𝑎𝑐 

( 3.16 ) 

The current limits in dc cables are expressed as: 

𝑔𝑖−𝑗(𝑣𝑑𝑐,𝑖 − 𝑣𝑑𝑐,𝑗) ≤  𝑖𝑑𝑐,𝑚𝑎𝑥  for 𝑖, 𝑗 = 1,… ,𝑁𝑏𝑢𝑠,𝑑𝑐 ( 3.17 ) 

The current limits in VSCs are expressed as: 

√𝑝𝑐2 + 𝑞𝑐2

𝑣𝑐
≤ 𝑖𝑐,𝑚𝑎𝑥 ( 3.18 ) 

where 𝑝𝑐, 𝑞𝑐 and 𝑣𝑐 are the powers and voltage at the ac side of the VSCs. 
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Figure 3.6 shows the inputs and outputs used in the OPF algorithm. The interlink 

option is selected as part of the configuration of the system. The optimisation modes 

are subject to the equality constraints defined by ( 3.13 ) and ( 3.14 ). The voltage and 

current limits are defined as the inequality constraints in ( 3.15 ) - ( 3.18 ). The control 

variables represent the reference variables to control the VSCs. The OPF updates the 

control variables according to the wind power generation. 

 

Figure 3.6: Inputs and outputs of Optimal Power Flow. 

3.4.4 Analysis of a Single Offshore Wind Power Plant 

A single HVDC-connected OWPP is analysed to quantify the power loss reduction 

due to voltage and reactive power optimisation. Three scenarios are studied: 

• No OPF: offshore HVDC converters control POC voltage at nominal value 

and supply all reactive power of the offshore ac grid (i.e. power flow is 

subject to ( 3.13 ) and ( 3.14 )). 

• OPF-Q: reactive power supply of the offshore ac grid is optimally shared 

between offshore HVDC and WT converters to minimise power losses and 

offshore HVDC converter controls POC voltage at nominal value (i.e. 

power flow is subject to ( 3.13 )).  

• OPF-QV: reactive power supply and voltage of the offshore ac grid are 

optimally scheduled to minimise power losses. Reactive power supply is 

shared between offshore HVDC and WT converters and the POC voltage 

is regulated by the offshore HVDC converter assuming a maximum ±10%   

deviation from the nominal value.  
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Figures 3.7 and 3.8 show the total power losses and reactive power results in 

relation to the wind generation. All the values are expressed in per-unit with base 

power equal to the rated power of an OWPP, which is 496 MVA. Power losses increase 

with the wind generation and reach approximately 0.05 pu at nominal power. When 

the reactive power supply is optimally shared between offshore HVDC and WT 

converters (OPF-Q) the power losses are reduced by up to 2-3% compared to the case 

without optimisation. If the reactive power supply and POC voltage set points are 

optimised (OPF-QV) the power loss reduction is up to 10%.  

Without optimisation, the offshore HVDC converters have to provide up to 0.4 pu 

of reactive power. When reactive power supply is optimised the offshore HVDC 

converters reduce their power contribution by up to 50% (i.e. 0.2 pu), but the WT 

converters increase their reactive power supply by up to 0.2 pu. If the POC voltage set 

points are optimised the reactive power supply of the WT converters is reduced by up 

to 50% (i.e. 0.1 pu) compared to the case without optimisation.  

The OWPPs are characterised by a power losses vs. wind generation function, 

which is expressed with a second order polynomial as: 

𝑃𝑙𝑜𝑠𝑠,𝑂𝑊𝑃𝑃 = 𝑎𝑙𝑜𝑠𝑠 + 𝑏𝑙𝑜𝑠𝑠 ∙ 𝑃𝑂𝑊𝐹 + 𝑐𝑙𝑜𝑠𝑠 ∙ 𝑃𝑂𝑊𝐹
2  ( 3.19 ) 

This expression is obtained from power flow calculations or from real 

measurements at the offshore and onshore substations. The coefficients of the power 

losses in Figure 3.7a are obtained in Table 3.2. 

Table 3.2: Power loss coefficients of single HVDC-connected OWPP in different OPF 

options expressed in per-unit. 

OPF option 𝑎𝑙𝑜𝑠𝑠 𝑏𝑙𝑜𝑠𝑠 𝑐𝑙𝑜𝑠𝑠 

No OPF 0.0103 0.0111 0.0329 

OPF-Q 0.0101 0.0126 0.0301 

OPF-QV 0.0102 0.0108 0.0275 
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(a) Power losses in per-unit (b) Comparison with case without OPF 

Figure 3.7: Total power losses in a single HVDC-connected OWPP for different OPF 

options and wind generations, 𝑃𝑂𝑊𝐹. 

  

(a) Offshore HVDC converter (b) Wind turbines converters 

Figure 3.8: Reactive power supply from offshore converters in a single OWPP for 

different OPF options and wind generations, 𝑃𝑂𝑊𝐹. 

The power loss distribution is analysed in Figures 3.9 and 3.10. Converter power 

losses account for more than 50% of the total power losses (98% when wind generation 

is 0.1 pu and 58% when wind generation is 1 pu) due to the constant term of converter 

power losses (coefficient 𝑎𝑙𝑜𝑠𝑠 in Table 3.1). The transformers account for more than 

50% of the non-converter power losses (87% when wind generation is 0.1 pu and 81% 

when wind generation is 1 pu). The power loss reduction is mainly contributed from 

decrease of non-converter losses, i.e. power losses from cables and transformers, and 

WT converter losses. 
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(a) Wind generation at 0.1 pu (b) Wind generation at 1 pu 

Figure 3.9: Power loss distribution in a single OWPP for different OPF options. 

 
 

(a) Wind generation at 0.1 pu (b) Wind generation at 1 pu 

Figure 3.10: Percentage distribution of power losses in a single OWPP when optimisation 

determines reactive power supply and POC voltage (OPF-QV) 

3.4.5 Analysis of interlink contribution 

Two HVDC-connected OWPPs are analysed to quantify the power loss reduction 

when interlink cables are used to share the wind power generation between the OWPP 

transmission systems. An optimal active power sharing will reduce the power losses 

of the elements located downstream the interlink cable. The HVDC converters will 

control the active power transferred through each transmission system based on the 

control structures described in Sections 2.4.3 and 2.4.4 for multiple converters. 
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The total power losses of the interlinked OWPPs can be expressed as: 

𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡𝑂𝑊𝑃𝑃𝑠 = 𝑃𝑙𝑜𝑠𝑠,𝑇1 +𝑃𝑙𝑜𝑠𝑠,𝑇2 + 𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 ( 3.20 ) 

where 𝑃𝑙𝑜𝑠𝑠,𝑇1 and 𝑃𝑙𝑜𝑠𝑠,𝑇2 are the power losses of the OWPP transmission systems and 

𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 is the power losses of the interlink. If the interlink cable is short, 𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡 ≪

 𝑃𝑙𝑜𝑠𝑠,𝑇1 + 𝑃𝑙𝑜𝑠𝑠,𝑇2  and ( 3.20 ) is approximated as:  

𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡𝑂𝑊𝑃𝑃𝑠 ≈ 𝑃𝑙𝑜𝑠𝑠,𝑇1 + 𝑃𝑙𝑜𝑠𝑠,𝑇2. ( 3.21 ) 

The power losses of each transmission system can be expressed as: 

𝑃𝑙𝑜𝑠𝑠,𝑇𝑖 = 𝑃𝑙𝑜𝑠𝑠,𝑖
𝑛𝑜−𝑜𝑝𝑡

 + 𝑃𝑙𝑜𝑠𝑠,𝑖
𝑜𝑝𝑡

 ( 3.22 ) 

where 𝑃𝑙𝑜𝑠𝑠,𝑖
𝑛𝑜−𝑜𝑝𝑡

 are the power losses that cannot be optimised because represent the 

elements upstream the interlink cable and 𝑃𝑙𝑜𝑠𝑠,𝑖
𝑜𝑝𝑡

 are the power losses that can be 

optimised with active power sharing because represent the elements located 

downstream the interlink. If the power losses are characterised by ( 3.19 ), 𝑃𝑙𝑜𝑠𝑠,𝑖
𝑛𝑜−𝑜𝑝𝑡

 

and 𝑃𝑙𝑜𝑠𝑠,𝑖
𝑜𝑝𝑡

 are expressed as: 

𝑃𝑙𝑜𝑠𝑠,𝑖
𝑛𝑜−𝑜𝑝𝑡 = 𝑎𝑛𝑜−𝑜𝑝𝑡 + 𝑏𝑛𝑜−𝑜𝑝𝑡 ∙ 𝑃𝑂𝑊𝐹,𝑖 + 𝑐𝑛𝑜−𝑜𝑝𝑡 ∙ 𝑃𝑂𝑊𝐹,𝑖

2  ( 3.23 ) 

𝑃𝑙𝑜𝑠𝑠,𝑖
𝑜𝑝𝑡 = 𝑎𝑜𝑝𝑡 + 𝑏𝑜𝑝𝑡 ∙ 𝑃𝑂𝑊𝐹,𝑖

𝑜𝑝𝑡 + 𝑐𝑜𝑝𝑡 ∙ 𝑃𝑂𝑊𝐹,𝑖
𝑜𝑝𝑡 2

 ( 3.24 ) 

where 𝑎𝑛𝑜−𝑜𝑝𝑡,  𝑏𝑛𝑜−𝑜𝑝𝑡 and 𝑐𝑛𝑜−𝑜𝑝𝑡 are the power loss coefficients of the elements 

that cannot be optimised; 𝑎𝑜𝑝𝑡,  𝑏𝑜𝑝𝑡 and 𝑐𝑜𝑝𝑡 are the power loss coefficients of the 

elements that can be optimised; 𝑃𝑂𝑊𝐹,𝑖 is the wind power generated by each wind farm 

cluster and 𝑃𝑂𝑊𝐹,𝑖
𝑜𝑝𝑡

 is the optimal active power downstream the interlink. If the power 

losses are neglected, the total wind power generation of the interlinked OWPPs is 

expressed as: 

𝑃𝑂𝑊𝐹,𝑇 = 𝑃𝑂𝑊𝐹,1 + 𝑃𝑂𝑊𝐹,2 ≈ 𝑃𝑂𝑊𝐹,1
𝑜𝑝𝑡 + 𝑃𝑂𝑊𝐹,2

𝑜𝑝𝑡
 ( 3.25 ) 
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The optimal active powers downstream the interlink, 𝑃𝑂𝑊𝐹,1
𝑜𝑝𝑡

 and 𝑃𝑂𝑊𝐹,2
𝑜𝑝𝑡

, can be 

obtained combining ( 3.21 ) - ( 3.25 ) and applying  
𝑑 𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡𝑂𝑊𝑃𝑃𝑠

𝑑𝑃𝑂𝑊𝐹,1
= 0 

or  
𝑑 𝑃𝑙𝑜𝑠𝑠,𝑖𝑛𝑡𝑂𝑊𝑃𝑃𝑠

𝑑𝑃𝑂𝑊𝐹,2
= 0: 

𝑃𝑂𝑊𝐹,1
𝑜𝑝𝑡 = 

𝑏𝑜𝑝𝑡,2 − 𝑏𝑜𝑝𝑡,1 + 2𝑐𝑜𝑝𝑡,2𝑃𝑂𝑊𝐹,𝑇

2(𝑐𝑜𝑝𝑡,1 + 𝑐𝑜𝑝𝑡,2)
 ( 3.26 ) 

𝑃𝑂𝑊𝐹,2
𝑜𝑝𝑡 = 

𝑏𝑜𝑝𝑡,1 − 𝑏𝑜𝑝𝑡,2 + 2𝑐𝑜𝑝𝑡,1𝑃𝑂𝑊𝐹,𝑇

2(𝑐𝑜𝑝𝑡,1 + 𝑐𝑜𝑝𝑡,2)
 

( 3.27 ) 

It is observed that the optimal active powers depend on the transmission system 

characteristics of the OWPPs (i.e. the power loss coefficients of the components) and 

the total wind power generation, 𝑃𝑂𝑊𝐹,𝑇.  

If the two transmission systems are identical, the power loss coefficients are the 

same and ( 3.26 ) and ( 3.27 ) are equal to: 

𝑃𝑂𝑊𝐹,1
𝑜𝑝𝑡 = 𝑃𝑂𝑊𝐹,2

𝑜𝑝𝑡 =
𝑃𝑂𝑊𝐹,𝑇
2

 ( 3.28 ) 

Therefore, when the interlinked OWPPs are identical the active power is shared 

equally through each transmission system to minimise power losses. In this case, if the 

OWPPs generate different powers, the interlink cables will be used to exchange active 

power between the transmission systems and achieve equal active power sharing. The 

maximum power loss reduction will occur when one OWPP is generating nominal 

power and the other is not generating power. This is because in these operational 

points, the interlinks will exchange the maximum power flow to minimise power 

losses.  

If the power losses upstream the interlink are not negligible, ( 3.25 ) cannot be 

applied and optimal power sharing defined in ( 3.26 ) - ( 3.28 ) might not represent a 

valid approximation. This is especially important for long ac export cables and in case 

of a dc interlink configuration due to the high proportion of the total power losses that 

could be neglected. 

Figure 3.11 compares the interlink options when the HVDC-connected OWPPs are 

identical and the interlink cable length is 5 km. These results illustrate an operational 
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point where one OWPP is generating nominal power and the other is not generating 

power. In these operational conditions, the maximum power loss reduction will be 

achieved. This is because the interlinks will exchange the maximum power flow to 

minimise power losses, which is approximately 0.5 pu as shown in Figure 3.11c. 

Power losses of the interlinked OWPPs are compared to the case without interlink, 

where the active power cannot be shared between transmission systems. Also, it is 

supposed that reactive power supply and POC voltage are optimised in all topologies. 

The power losses are reduced up to 10% using ac interlinks and up to 5% using the dc 

interlink compared to the case without intelink, as shown in Figure 3.11b. The ac 

interlinks reduce twice the power losses compared to the dc interlink, since the ac 

interlinks are located closer to the sending end of the transmission system and optimise 

more proportion of the total losses. Also, the power loss reduction using the ac 

collector platform interlink is higher than using the ac offshore converter interlink, but 

the difference is small. This is because the ac collector platform interlink further 

optimises the power losses of the export cables, which represent only up to 3% of the 

total power losses as shown in Figure 3.10b. 

   

(a) Power losses in per-unit (b) Comparison with case 

without interlink 

(c) Interlink power flows 

Figure 3.11: Power losses and interlink power flow when one OWPP is generating nominal 

power and the other is not generating power. 

The effect that the interlink length has on the total power losses is analysed in 

Figures 3.12 and 3.13 when one OWPP is generating nominal power and the other is 

not generating power The ac interlinks are the best option to minimise power losses 

for short lengths (up to 50 - 60 km). The dc interlink is the best option for long lengths 

since the power loss increase for lengths between 0 and 100 km is not significant, as 
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shown in Figure 3.12. This is because dc grid power losses represent a small part of 

the total power losses. 

The active power flow through the interlink cables decreases for long distances, as 

shown in Figure 3.13, due to the increase of power losses of the interlink. Also, in case 

of ac interlinks, the reactive power supply increases significantly for long distances 

(e.g. up to 0.7 pu at 100 km ), affecting negatively the total power losses (e.g. up to 

4% increase at 100 km). 

  

(a) Power losses in per-unit (b) Comparison with case without OPF 

Figure 3.12: Total power losses for different interlink options and interlink lengths when 

OWPP1 generates nominal power and OWPP2 does not generate power.  

  

(a) Comparison of apparent 

powers flows. 

(b) Comparison of apparent power, active power and 

reactive power flows in ac interlinks. 

Figure 3.13: Interlink power flows for different interlink options and interlink lengths 

when OWPP1 generates nominal power and OWPP2 does not generate power. 

3.5 AVAILABILITY ANALYSIS 

The reliability of the interlink options will be analysed in terms of energy 

availability of the transmission system. Interlink cables increase the total availability 

of HVDC-connected OWPPs, i.e. they reduce the wind power curtailment.  
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3.5.1 Availability representation and methodology 

The availability can be studied with analytical or statistical methods [101]. In this 

chapter, the availability is calculated with an analytical method based on COPTs. The 

capacity outage of a generation system is the generation capacity that is out of service 

due to a failure. A COPT is a table that contains all the capacity states of a generation 

system and the associated probabilities (or availabilities) [101]. The capacity states are 

introduced in an ascending order of capacity outage magnitude. The total energy 

availability, 𝐴𝑇, is expressed as a mean value of availabilities of each capacity state: 

𝐴𝑇 = ∑ 𝐴𝑐𝑜𝑢𝑡

100%

𝑐𝑜𝑢𝑡=0%

(100 − 𝑐𝑜𝑢𝑡) ( 3.29 ) 

where 𝑐𝑜𝑢𝑡 is the capacity outage, 100 − 𝑐𝑜𝑢𝑡 is the capacity in service and 𝐴𝑐𝑜𝑢𝑡 is 

the availability associated to a capacity outage. In case of OWPPs, the capacities are 

expressed as a percentage of available wind generation or wind capacity factor. The 

availability associated to a capacity outage is equal to the equivalent availability of a 

generation system for all the possible outages that result in that capacity.  

The equivalent availability of an HVDC-connected OWPP depends on the 

following components [93], [102]:  

• HVAC breakers, represented as a Gas Insulated Switch (GIS) 

• transformers, which are used with the HVDC converters and in the collector 

platform 

• HVDC converters (VSC-MMC), which include the semiconductors, the 

cooling system and the ventilation system 

• converter reactors  

• control system of converter, which include the control algorithms and the 

hardware 

• dc switchyard, which includes HV capacitors banks, line reactors, 

measurement transducers and switchgear  

• HVDC breaker, represented as a hybrid dc circuit breaker  

• submarine dc and ac cables 
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The availability of each component, 𝐴𝑖, is calculated from the failure rate, 𝜆𝑟,𝑖, or 

mean time to fail, 𝑀𝑇𝑇𝐹𝑖 = 1/𝜆𝑟𝑖, and the mean time to repair, 𝑀𝑇𝑇𝑅𝑖, as: 

𝐴𝑖 =
𝑀𝑇𝑇𝐹𝑖

𝑀𝑇𝑇𝐹𝑖 +𝑀𝑇𝑇𝑅𝑖
=

1

1 + 𝜆𝑟,𝑖𝑀𝑇𝑇𝑅𝑖
 ( 3.30 ) 

The MTTF and MTTR data is in Appendix H and is obtained from [102], [103]. 

The MTTR values for offshore elements include an additional mean offshore access 

time depending on the component size [102].  

Block diagrams are used to represent the equivalent availability of the elements of 

an OWPP transmission system, as shown in Figure 3.14. The equivalent availability 

of each element is a combination of series and parallel components. These 

combinations are defined according to the consequences that a component failure has 

on an equivalent element.  

 

(a) Onshore and offshore HVDC platforms 

 

(b) Collector platforms with a ring connected configuration [11] 

 

(c) ac cables 

 

(d) dc cables 

Figure 3.14: Block diagrams to represent equivalent availability of OWPP transmission 

system elements. The per-unit quantities are referred to the rated power of an OWPP. 
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The equivalent availabilities of the onshore and offshore HVDC converter 

platforms are: 

𝐴𝐻𝑉𝐷𝐶,1𝑝𝑢 = 𝐴𝑑𝑐𝑠𝑤𝑖𝑡𝑐ℎ ∙ 𝐴𝐶𝑡𝑟𝑙𝑆𝑦𝑠 ∙ 𝐴𝑀𝑀𝐶 ∙ 𝐴𝑟𝑒𝑎𝑐𝑡 ∙ 𝐴𝑎𝑐𝑏𝑟𝑘
4 ∙ 𝐴𝑡𝑟

2  ( 3.31 ) 

𝐴𝐻𝑉𝐷𝐶,0.5𝑝𝑢 = 2 ∙ 𝐴𝑑𝑐𝑠𝑤𝑖𝑡𝑐ℎ ∙ 𝐴𝐶𝑡𝑟𝑙𝑆𝑦𝑠 ∙ 𝐴𝑀𝑀𝐶 ∙ 𝐴𝑟𝑒𝑎𝑐𝑡 ∙ 𝐴𝑎𝑐𝑏𝑟𝑘
4 ∙ 

∙ (1 − 𝐴𝑡𝑟)  ∙ 𝐴𝑡𝑟 

( 3.32 ) 

𝐴𝐻𝑉𝐷𝐶,0𝑝𝑢 = 1 − 𝐴𝐻𝑉𝐷𝐶𝑐𝑜𝑛𝑣,1𝑝𝑢 − 𝐴𝐻𝑉𝐷𝐶𝑐𝑜𝑛𝑣,0.5𝑝𝑢 ( 3.33 ) 

The equivalent availabilities of the collector platforms are: 

𝐴𝑐𝑜𝑙,1𝑝𝑢 = 𝐴𝑎𝑐𝑏𝑟𝑘
6 ∙ 𝐴𝑡𝑟

2  ( 3.34 ) 

𝐴𝑐𝑜𝑙,0.5𝑝𝑢 = 2 ∙ 𝐴𝑎𝑐𝑏𝑟𝑘
6 ∙ (1 − 𝐴𝑡𝑟)  ∙ 𝐴𝑡𝑟 ( 3.35 ) 

𝐴𝑐𝑜𝑙,0𝑝𝑢 = 1 − 𝐴𝑐𝑜𝑙,1𝑝𝑢 − 𝐴𝑐𝑜𝑙,0.5𝑝𝑢 ( 3.36 ) 

It is supposed that the failure of a GIS produces the failure of all the GISs in the 

HVDC converter and collector platform [102]. The equivalent availabilities of the ac 

cables are: 

𝐴𝑎𝑐_𝑐𝑏,1𝑝𝑢 = 𝐴𝑎𝑐𝑏𝑟𝑘
2 ∙ 𝐴𝑎𝑐_𝑐𝑎𝑏𝑙𝑒 ( 3.37 ) 

𝐴𝑎𝑐_𝑐𝑏,0𝑝𝑢 = 1 − 𝐴𝑎𝑐_𝑐𝑏,1𝑝𝑢 ( 3.38 ) 

The equivalent availabilities of the dc cables are: 

𝐴𝑑𝑐_𝑐𝑏,1𝑝𝑢 = {
𝐴𝑑𝑐𝑏𝑟𝑘
4 ∙ 𝐴𝑑𝑐𝑐𝑎𝑏𝑙𝑒 , if topology with dc interlink

𝐴𝑑𝑐𝑐𝑎𝑏𝑙𝑒 , if topology with ac interlink
 ( 3.39 ) 

𝐴𝑑𝑐_𝑐𝑏,0𝑝𝑢 = 1 − 𝐴𝑑𝑐_𝑐𝑏,1𝑝𝑢 ( 3.40 ) 

When ac interlinks are used it is assumed that dc breakers are not required since the 

ac breakers can isolate the dc links in case of HVDC converter or dc link outage. It is 

assumed that the configuration of the HVDC transmission is a symmetric monopole. 

In case of a bipolar system, the availability results would be different since there is 

additional redundancy for failures on the dc cables or the HVDC converters.  
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3.5.2 Analysis of interlink contribution 

Figure 3.15a shows the detailed representation of two OWPPs with all possible 

interlink options. A simplified block diagram is shown in Figure 3.15b, where S1 - S5 

represent the equivalent availability of different components. S1 and S3 are the 

equivalent availabilities of components located upstream the interlink, S2 and S4 are 

the equivalent availabilities of components located downstream the interlink and S5 

represents the availability of the interlink cable. S1 - S4 have 3 possible states (1 pu, 

0.5 pu and 0 pu ) and S5 has 2 possible states (1 pu and 0 pu), which results in a total 

number of possible states equal to 162 (2 ∙ 34). This number of states can be reduced 

to 120 without including states with minimal cut sets, which are the combinations of 

component failures that cause system failure and represent a 100% of capacity outage. 

Table B.1 in Appendix B presents the 120 possible combinations. The availability of 

each state is calculated as: 

𝐴𝑠𝑡𝑎𝑡𝑒,𝑖 = 𝐴𝑆1 ∙ 𝐴𝑆2 ∙ 𝐴𝑆3 ∙ 𝐴𝑆4 ∙ 𝐴𝑆5 ( 3.41 ) 

If S1 or S3 are unavailable the interlink cannot provide an alternative export route 

for the wind power generation, which has to be curtailed. If S2 or S4 are unavailable, 

the interlink can provide an alternative export route, but it is limited to the available 

capacity of the interlink cable and the elements in S2 and S4. The ac collector platform 

interlink will provide the highest availability, because it is located at the sending end 

of the transmission system and can provide redundancy to the largest number of 

components. 

 

(a) Detailed representation 
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(b) Simplified representation 

Figure 3.15: Elements to represent equivalent availability of two OWPPs with interlinks. 

The per-unit quantities are referred to the rated power of an OWPP 

The equivalent availabilities of S1 - S5 are calculated as a combination of the 

availabilities of OWPP transmission system elements presented in Section 3.5.1. As 

an example, if a dc offshore converter interlink is considered, S1 includes the 

availabilities of the collector platforms, the ac export cable and the offshore HVDC 

platform. Therefore, the equivalent availabilities of S1 for all the states (1 pu, 0.5 pu 

and 0 pu ) are: 

𝐴𝑆1,1𝑝𝑢 = 𝐴𝑒𝑥𝑝_𝑐𝑏,1𝑝𝑢 ∙ 𝐴𝑐𝑜𝑙,1𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 ( 3.42 ) 

𝐴𝑆1,0.5𝑝𝑢 = 𝐴exp _𝑐𝑏,1𝑝𝑢(𝐴𝑐𝑜𝑙,0.5𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 + 𝐴𝑐𝑜𝑙,1𝑝𝑢 ∙

∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢 + 𝐴𝑐𝑜𝑙,0.5𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢) 

( 3.43 ) 

𝐴𝑆1,0𝑝𝑢 = 1 − 𝐴𝑆1,1𝑝𝑢 − 𝐴𝑆1,0.5𝑝𝑢 ( 3.44 ) 

More details about the availability expressions for all the interlink options are found 

in Appendix B. 

The availability of each interlink option is analysed considering the specifications 

of the case study presented in Section 3.3 and the results are shown in Tables 3.3 - 3.6. 

The wind generation is equal to the typical capacity factor of an OWPP, which is 

approximately 40% of the OWPP rated power [104]. The transmission system capacity 

of each OWPP is defined as 100% of the OWPP rated power and the interlink cable is 

defined as 50% of the OWPP rated power.  

The energy availability of each interlink option is calculated with ( 3.29 ) using the 

COPTs. The availability associated to a capacity outage is calculated as the sum of all 

the availabilities of those states that have the same capacity outage:  



Chapter 3 Interlinks between HVDC-Connected Offshore Wind Power Plants 

51 

𝐴𝑐𝑜𝑢𝑡 = ∑ 𝐴𝑠𝑡𝑎𝑡𝑒,𝑖

𝑁𝑜𝑢𝑡

𝑖=0

 ( 3.45 ) 

where 𝑁𝑜𝑢𝑡 is the total number of states with the same capacity outage. For example, 

if dc offshore converter interlink is considered, capacity outage equal to 0 % represents 

40 states, capacity outage equal to 37.5 % represents 8 states and capacity outage equal 

to 50 % represents 72 states according to Table B.1 of Appendix B. 

It is observed that topologies with interlinks provide availabilities above 98%. The 

ac interlinks have the highest availability and can reduce the unavailability more than 

90% compared to the case without interlink. 

Table 3.3: COPT for example without interlink. 

Capacity 

outage (%) 

Capacity in 

service (%) 
Availability (%) Energy Availability (%) 

0 100 94.71 

97.32 50 50 5.22 

100 0 0.07 

Table 3.4: COPT for example with dc offshore converter interlink. 

Capacity 

outage (%) 

Capacity in 

service (%) 
Availability (%) Energy Availability (%) 

0 100 97.36 

98.66 
37.5 62.5 0.01 

50 50  2.58 

100 0 0.04 

Table 3.5: COPT for example with ac offshore converter interlink. 

Capacity 

outage (%) 

Capacity in 

service (%)  
Availability (%) Energy Availability (%) 

0 100 99.54 

99.74 
37.5 62.5 0.03 

50 50 0.37 

100 0 0.06 
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Table 3.6: COPT for example with ac collector platform interlink. 

Capacity 

outage (%) 

Capacity in 

service (%)  
Availability (%) Energy Availability (%) 

0 100 99.79 

99.87 
37.5 62.5 0.03 

50 50 0.11 

100 0 0.07 

3.5.3 Sensitivity Analysis 

The effect that different factors have on the energy availability is analysed in this 

section. All capacities are expressed in per-unit considering the rated power of an 

OWPP as a base value. Figure 3.16 shows the availability variation in terms of wind 

capacity factor. Availability decreases at high wind capacity factors, because the 

elements of the OWPP transmission system have a limited power capacity to transfer 

all wind generation in case of outage. On the other hand, availability is constant when 

the capacity factor is less than 0.5 pu, because the wind power transfer is not limited 

by the transmission system capacity in case of outage. 

Figures 3.17 and 3.18 show the availability variation in terms of interlink and 

transmission system capacities. In general, large interlink and transmission system 

capacities ensure higher energy availability, because in case of outage there is enough 

capacity to transfer the wind power through an alternative route. However, the 

availability increases up to a certain interlink or transmission capacity that depends on 

the wind capacity factor. When the interlink capacity is higher than the wind capacity 

factor the availability reaches its maximum, as shown in Figure 3.17. In addition, the 

availability decreases significantly for transmission capacities below the wind capacity 

factor, e.g. from approximately 97% when transmission capacity is 0.4 pu to 25% 

when capacity is 0.1 pu, as shown in Figure 3.18a. Therefore, it is recommended to 

select the transmission capacity at least higher than the wind capacity factor in order 

to avoid an excessive wind power curtailment. The capacity of the transmission system 

and the interlink must be designed based on a trade-off between the cost of additional 

capacity to increase energy availability and the total energy savings from the reduction 

of wind power curtailment.  
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Figure 3.16: Energy availability for different wind capacity factors when OWPPs generate the 

same power, transmission system capacity is defined as 100% and interlink capacity for 50% 

of the OWPP rated power.  

  

(a) Wind capacity factor equal to 0.2 pu (b) Wind capacity factor equal to 0.5 pu 

Figure 3.17: Energy availability for different interlink capacities when transmission 

system capacity is defined as 100% of the OWPP rated power. 

  

(a) Transmission capacity from 0.1 to 1 pu (b) Transmission capacity from 0.4 to 1 pu 

Figure 3.18: Energy availability for different transmission system capacities when wind 

generation from each OWPP is 0.4 pu and interlink capacity is defined as 50% of the OWPP 

rated power. 

Figure 3.19 shows the availability variation for different failure rates of all the 

components. The sensitivity analysis with different MTTR values has not been 

included because the results would provide similar conclusions to evaluate the 

availability variation. Transformers, ac and dc breakers do not have a significant 

impact, with availability variations below 1%. The dc cables are the most sensitive 
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components, with availability variations up to 10% without interlink. The components 

related to the VSCs (reactors, MMC, control system and dc switchyard) have a 

significant impact (availability variations between 1 - 4%) in topologies without 

interlink or with dc interlink. 

As expected, the topology with ac collector platform interlink is the least sensitive 

to failure rate variation, with availability difference exceeding 1% only for variation 

of dc cable failure rate as shown in Figure 3.19d. In general, topologies with ac 

interlinks are more accurate to calculate energy availability due to a low sensitivity to 

failure rate variation. Therefore, even with an inaccurate estimation of the failure rate 

parameters due to lack of information, e.g. in case of dc breakers, the availability 

results are still useful. 

  

(a) No interlink (b) DC offshore converter interlink 

  

(c) AC offshore converter interlink (d) AC collector platform interlink 

Figure 3.19: Energy availability when failure rates are modified from 0.1 to 10 times the initial 

value. The discontinuous horizontal dashed lines represent an availability variation of ±1% the 

initial value. 
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3.6 COST-BENEFIT ANALYSIS 

An example of a cost-benefit analysis is used to evaluate the profit of the interlink 

options. The wind generation is based on one year wind speed data from FINO 1 [105] 

and the effect that the distance between the OWPPs have on the wind speed is 

represented with the cross-correlation model in [106].  

The investment scheme considered in this example is based on the option adopted 

in the UK [33], where an OFTO has the responsibility to operate and maintain the 

offshore transmission assets between the OWPPs and the onshore grid. OFTOs own 

the offshore assets over a period of time and receive an income based on a fixed 20-

years transmission tariff that represents the energy cost of offshore wind. Also, OFTOs 

can be responsible for the design, procurement and construction of the assets (OFTO 

build licence [33]).  

Table 3.7: Interlink cable costs for a length of 5 km 

Component Unit-km price 
HVDC-

interlink 

HVAC-

interlinks 

ac cables 

HVAC 3 core cable (aluminium conductor) – 

200 MW/220 kV (rating single cable) 

£0.355 M/km - £1.775 M 

ac breaker 

HVAC GIS switchgear – 220 kV 
£2.4 M/unit - £4.8 M 

dc cables 

HVDC extruded cables (aluminium 

conductor) – 600 MW/320 kV (pair of cables) 

£0.47 M/km £2.21 M - 

dc breaker 

1/6 of a 500 MW and ±320 kV  VSC-HVDC 

[107] 

£5.39 M/unit £21.55 M - 

ac cable installation 

Single cable, single trench, 3 core 
£0.79 M/km - £3.95 M 

dc cable installation 

Twin cable, single trench, single core 
£ 0.85 M/km £4.25 M - 

Vessel £0.25 M/unit £0.25 M £0.25 M 

Total - £28.26 M £10.78 M 
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The cost-benefit analysis only considers an investment for the additional interlink 

cable. Table 3.7 shows the total costs for ac and dc interlink cables with a length of 5 

km, where the component costs are from the ETYS 2015 [108]. It is observed that 

around 75% of the dc interlink costs are from the dc breaker. This component is not 

commercially available and its cost is estimated as 1/6 of a VSC-HVDC [107]. 

It is assumed that the OFTO owns the assets for 25 years and that the initial fixed 

energy cost of offshore wind is £120/ MWh [94], [109]. Therefore, over these 25 years, 

there will be 20 years of full tariff and 5 years of reduced tariff. This reduced tariff is 

supposed to decrease 10% each year until the end of the ownership [109]. Table 3.8 

shows the annual energy savings at full tariff from the availability increase and power 

loss reduction when interlinks are used. The ac collector platform interlink provides 

the highest savings compared to the base case without interlink. It is observed that 90% 

of the annual savings are from the availability increase.  

Table 3.9 shows the results of the cost-benefit analysis considering a standard 

discount rate of 6% [94]. The ac interlink options have a positive Net Present Value 

(NPV) for the 25 years investment and the lowest payback period is for the ac collector 

platform interlink with 4 years. 

Table 3.8: Annual average of undelivered energy and energy losses with their associated 

savings compared to the base case 

 Base Case 

(no 

interlink) 

DC Off. 

Converter 

Interlink 

AC Off. 

Converter 

Interlink 

AC Col. 

Interlink 

Annual Undelivered Energy 

(% of available wind 

energy) 

1.4% 1.1 % 0.68% 0.63% 

Savings from availability 

increase  
- £1.33 M £2.77 M £2.95 M 

Annual Energy losses 

(% of wind generation) 
5.79% 5.75% 5.72% 5.71% 

Savings from power loss 

reduction 
- £0.16 M £0.25 M £0.29 M 
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Table 3.9: Results of cost-benefit analysis 

 DC Off. Converter 

Interlink 

AC Off. Converter 

Interlink 

AC Col. 

Interlink 

Interlink 

investment  
£28.41 M £10.78 M £10.78 M 

Annual savings 

(with full tariff) 
£1.49 M £3.02 M £3.24 M 

Payback period ≥ 100 years 5 years 4 years 

NPV for 25 years £-9.84 M £26.85 M £29.49 M 

The negative NPV in the dc interlink option is mainly caused by the high cost of 

the dc breaker. Considering that the cost of this component is an estimated value, a 

sensitivity analysis is shown in Table 3.10 to evaluate the results depending on 

different dc breaker costs. It is observed that even with a dc breaker cost equal to 0 the 

payback period is longer than in the ac interlink options. 

 Table 3.10: Sensitivity analysis in relation to the dc breaker cost 

 
Cost dc 

breaker = 0 

Cost dc breaker =  

25% of initial value 

Cost dc breaker =  

50% of initial value 

Interlink 

investment 
£6.85 M £12.24 M £17.63 M 

Annual saving 

(with full tariff) 
£1.49 M £1.49 £1.49 

Payback period 6 years 12 years 22 years 

NPV for 25 years £11.71 M £6.32 M £0.94 M 

3.7 INTERLINK CABLE CAPACITY 

The interlink cable capacity is determined considering power loss reduction and 

increase of availability. A minimum interlink capacity is calculated from the power 

loss analysis, 𝑆𝑖𝑛,𝑙𝑜𝑠𝑠, and another from the availability analysis, 𝑆𝑖𝑛,𝑎𝑣. The final 

interlink capacity corresponds to the maximum of 𝑆𝑖𝑛,𝑙𝑜𝑠𝑠 and 𝑆𝑖𝑛,𝑎𝑣. 
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3.7.1 Interlink capacity based on power loss analysis 

The interlink capacity is selected as the minimum power exchange to ensure 

optimal power loss reduction for all operational conditions. If the power losses are 

neglected, the active power through the interlink cable can be expressed as: 

𝑃𝑖𝑛𝑡 ≈ 𝑃𝑤𝑓,1 − 𝑃𝑤𝑓,1
𝑜𝑝𝑡 = 𝑃𝑤𝑓,2

𝑜𝑝𝑡 − 𝑃𝑤𝑓,2 ( 3.46 ) 

The minimum active power flow through the interlink, 𝑃𝑖𝑛𝑡,𝑚𝑖𝑛, corresponds to the 

maximum difference between the wind farm generation of each OWPP and the optimal 

power sharing values: 

𝑃𝑖𝑛𝑡,𝑚𝑖𝑛 = max (|𝑃𝑤𝑓,1 − 𝑃𝑤𝑓,1
𝑜𝑝𝑡 |) = max (|𝑃𝑤𝑓,2 − 𝑃𝑤𝑓,2

𝑜𝑝𝑡 |) ( 3.47 ) 

In case of dc interlinks the interlink cable can be selected only based on 𝑃𝑖𝑛𝑡,𝑚𝑖𝑛 

and the nominal dc voltage. In case of ac interlinks, the reactive power compensation 

of the ac cable has to be included. The reactive power can be expressed as: 

𝑄𝑐𝑜𝑚𝑝,𝑖𝑛𝑡 = 𝑈0
2𝜔𝐶𝑖𝑛𝑡 ( 3.48 ) 

where 𝑈0 is the voltage of the cable and 𝐶𝑖𝑛𝑡 is the equivalent cable capacitance. The 

reactive power supplied at each side of the interlink cable can be approximated as: 

𝑄𝑠𝑢𝑝𝑝,𝑖𝑛𝑡 =
𝑄𝑐𝑜𝑚𝑝,𝑖𝑛𝑡

2
⁄  ( 3.49 ) 

The reactive power compensation of the interlink cable is different at each side of 

the cable because the voltages are also different, especially for long cables.  However, 

to estimate the minimum interlink capacity it is sufficient to consider that the reactive 

power supplied at each side of the cable is equal to the worst case scenario, i.e. 𝑈0 =

1.1 pu. 

Therefore, the minimum ac interlink capacity based on minimum power losses is 

equal to: 

𝑆𝑖𝑛𝑡,𝑙𝑜𝑠𝑠 = √𝑃𝑖𝑛𝑡,𝑚𝑖𝑛
2 + 𝑄𝑠𝑢𝑝𝑝,𝑖𝑛𝑡

2  ( 3.50 ) 
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Figure 3.19 shows the design procedure to select the interlink cable capacity based 

on minimum power losses. As example, the ac interlink cable is selected for the case 

study presented in Section 3.3. The minimum interlink capacity is calculated based on 

one year wind generation from real wind speed data in FINO 1 [105]. The effect that 

the distance between the OWPPs have on the wind speed is represented with the cross-

correlation model in [106]. The results are summarised in Table 3.11. It is observed 

that the reactive power contribution does not modify significantly the interlink 

capacity because the length is short. 

 

Figure 3.20: Flow chart to select interlink capacity based on power losses analysis 

Table 3.11: Results of ac interlink cable capacity selection. 

Element Value 

𝑃𝑖𝑛𝑡,𝑚𝑖𝑛 0.4167 pu (205.01 MW) 

𝑄𝑠𝑢𝑝𝑝,𝑖𝑛𝑡 0.0262 pu (12.88 Mvar) 

𝑆𝑖𝑛𝑡,𝑙𝑜𝑠𝑠 0.4176 pu (205.46 MVA) 

ac cable at 220 kV 

(data from [110]) 

XLPE-3 core cable (aluminium conductor); cross section, 500 

mm2; maximum current, 540 A; capacitance, 0.14 µF/km and 

inductance, 0.44 mH/km 
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3.7.2 Interlink capacity based on availability analysis 

The maximum availability is reached with a minimum interlink capacity as shown 

in 3.17. However, this minimum capacity depends on the wind power generation and 

the transmission system capacity, which increases the complexity of the design 

process. In order to simplify the design process, it is supposed that the transmission 

capacity have been already designed in relation to the wind generation and that both 

OWPPs are close enough to generate the same power. 

The availability for all possible wind power generations is considered using a 

Weibull distribution, which defines the probability of all wind speeds. Therefore, the 

availability for each interlink capacity i, 𝐴𝑇,𝑖𝑛𝑡𝑐𝑎𝑝_𝑖, is calculated as: 

𝐴𝑇,𝑖𝑛𝑡𝑐𝑎𝑝_𝑖 = ∫ 𝐴𝑇𝑖(𝑣𝑤)𝑝(𝑣𝑤)𝑑𝑣𝑤

∞

0

=∑𝐴𝑇𝑖,𝑛𝑝𝑛∆𝑣𝑤

𝑁

𝑛=0

 ( 3.51 ) 

where 𝐴𝑇𝑖,𝑛 is the availability at wind speed n,  𝑝𝑛 is the probability to have wind speed 

n, N is the number of wind speed points considered in the discrete availability 

calculation and  ∆𝑣𝑤 is the constant interval between wind speed points. 

Alternatively, the availability can be calculated considering a constant wind 

generation that corresponds to the capacity factor of the OWPP. This option can be 

used if the Weibull distribution of the OWPP location is not available. Figure 3.21 

shows the design procedure to select the interlink cable capacity based on maximum 

availability 

 

Figure 3.21: Flow chart to select interlink capacity based on availability analysis 
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As an example, the minimum interlink capacity is calculated for the case study of 

two OWPPs presented in Section 3.3. Figure 3.22a shows the Weibull distribution 

from real wind speed data in FINO 1 [105] and Figure 3.22b shows the WT power vs. 

wind speed curve considering the WT details of Section H.2.1. of Appendix H. The 

constant interval between wind speed points is equal to 0.1 m/s. 

  

(a) Weibull distribution for FINO 1 [105]. (b) Wind power generation curve in per-

unit. The base power is referred to a WT. 

Figure 3.22: Weibull distribution and WT generation used as an example to calculate 

minimum interlink capacity.  

The energy availability considering the probability of wind power generations is 

shown in Figure 3.23a, where the minimum interlink capacity is equal to 0.5 pu to 

ensure a maximum availability of approximately 99% for ac interlinks and 98% for 

the dc interlink. The energy availability considering the capacity factor of the OWPP 

is shown in Figure 3.23b. The capacity factor is equal to 0.45 pu, which has been 

calculated as the average generation from the Weibull distribution: 

𝑃𝑂𝑊𝐹,𝑎𝑣 = ∫ 𝑃𝑂𝑊𝐹(𝑣𝑤)𝑝(𝑣𝑤)𝑑𝑣𝑤

∞

0

=∑𝑃𝑂𝑊𝐹,𝑛𝑝𝑛∆𝑣𝑤

𝑁

𝑛=0

 ( 3.52 ) 

where 𝑃𝑂𝑊𝐹,𝑛 is the power generation at wind speed n.  

It is observed that the minimum interlink capacity to ensure maximum availability 

is 0.45 pu, which is slightly lower than the value obtained considering the probability 

of wind power generations. 
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(a)  (b)  

Figure 3.23: Energy availability for different interlink capacities (a) considering probability of 

all wind power generations and (b) considering capacity factor of the OWPP. The interlink 

capacities are expressed in per-unit considering the rated power of an OWPP as a base power. 

3.8 SUMMARY 

This chapter compared three interlink options between OWPPs: (i) dc offshore 

converter interlink, (ii) ac offshore converter interlink and (iii) ac collector platform 

interlink. A power loss and availability analysis were used to evaluate the benefits of 

the different interlink options. In general, the ac collector platform interlink is 

recommended to reduce power losses and increase energy availability for short 

distances between OWPPs. The dc offshore converter interlink is recommended for 

long distances between OWPPs to avoid excessive reactive power compensation of 

long ac cables. 

The power losses analysis provided information about the power loss distribution 

and the power loss reduction when power and voltage set points of the VSCs are 

optimised. Converter losses represented the largest share of the total power losses, 

especially at low wind generation, due to their constant losses. An optimal reactive 

power supply between HVDC and WT converters reduced up to 2 - 3% the power 

losses and the optimal POC voltage by 7% compared to the case without optimisation. 

Considering two identical OWPPs, an optimal active power sharing reduced up to 10% 

the power losses using ac interlinks compared to the case without interlinks. For long 

distances between OWPPs the dc interlink was the only possible option due to an 

excessive increase of power losses in the ac interlink topologies.  

The availability analysis provided information about the increase of energy 

availability with interlinks and the sensitivity of the availability to different 

parameters. The total availability was highly dependent on the wind capacity factor, 
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the interlink capacity and the transmission capacity. The transmission capacity should 

be at least higher than the capacity factor of the OWPP in order to avoid an excessive 

wind power curtailment. The dc cable failure rate was the most sensitive parameter 

with availability variations up to 10% when interlink was not used. Also, the ac 

interlink topologies were the least sensitive to failure rate variation. 

An example of a cost-benefit analysis was presented using real wind speed data and 

adopting the investment scheme in the UK. The operational savings were mostly from 

the availability increase. The ac interlinks provided the shortest payback period even 

without including the cost of the dc breakers. A design procedure was presented to 

determine the interlink capacity. The minimum interlink capacity was selected to 

ensure that the power losses were minimised and the availability was maximised for 

all operational conditions.  
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Chapter 4  

4.Inertia Emulation in Offshore Wind 

Power Plants 

4.1 INTRODUCTION 

Inertia response is a fast frequency response that limits the frequency deviation 

during the first several seconds after power imbalance occurs in an ac grid. WTs 

provide inertia response extracting the kinetic energy stored in their rotating mass. The 

advantage of using kinetic energy is that WTs do not have to deload and operate below 

optimal power extraction. Variable speed WTs are not intrinsically sensitive to 

frequency variations of the grid and they do not provide natural inertia response as 

conventional synchronous generators do. In addition, large OWPPs connected through 

HVDC decouple the offshore ac grid from the onshore ac grid. Supplementary control 

was implemented in WT converters and HVDC converters to emulate inertia response 

and release kinetic energy stored in the rotating mass of the WTs.  

This chapter analyses control strategies for inertia emulation in OWPPs based on 

existing options in academia and industry. In general, two main strategies have been 

defined: Synthetic Inertia (SI) and Temporary Overproduction (TO). These strategies 

are compared according to their implementation and simulation results in MATLAB 

Simulink. Also, a number of solutions are presented to limit the recovery power of 

WTs after the kinetic energy has been released. A Hardware-in-the-Loop (HIL) 

experimental test rig is used to demonstrate the effectiveness of inertia emulation with 

TO in an HVDC-connected OWPP based on a communication-free control scheme.  
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4.2 INERTIA RESPONSE IN VARIABLE SPEED WIND TURBINES 

4.2.1 Inertia Emulation Concept 

Supplementary control is implemented in the converters of variable speed WTs to 

emulate inertia response and release the kinetic energy stored in the rotating mass of 

WTs. The energy initially stored in the rotating mass is expressed as: 

Ek0 =
1

2
𝐽𝑤𝑡𝜔0

2 ( 4.1 ) 

where 𝐽𝑤𝑡 is the WT moment of inertia in kg·m2 and 𝜔0 is the initial rotor speed in 

rad/s. The inertia constant is defined as:  

𝐻 =
1

2

𝐽𝑤𝑡𝜔0
2

𝑆𝑏𝑎𝑠𝑒
 ( 4.2 ) 

which represents the energy in per-unit, considering the rated power of the generator, 

𝑆𝑏𝑎𝑠𝑒. 

When the inertia emulation control is activated, WTs increase the power generation 

using the kinetic energy from the rotating mass and the rotor speed decreases (1-2 in 

Figure 4.1). The total kinetic energy released by the WTs is expressed as: 

∆E𝑘 =
1

2
𝐽𝑤𝑡(𝜔0

2 − 𝜔𝑓
2) = Ek0 (1 −

𝜔𝑓
2

𝜔0
2) ( 4.3 ) 

where 𝜔𝑓 is the WT rotor speed in rad/s when the additional power has been exhausted. 

Once the inertia support has ended, the rotor speed returns back to its initial value. 

This is referred as recovery period [111]–[114] (2-3 in Figure 4.1).  

 

Figure 4.1: Inertia Response description. 
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WTs consume power during the recovery period to restore the initial kinetic energy. 

If the WTs are operating at rated wind speed, this additional power is provided by the 

wind energy excess using pitch angle control. However, if the WTs are operating 

below rated speed they have to reduce the wind power generation to compensate the 

recovery power. This further loss of generation will produce a second ac frequency 

reduction, which is particularly significant for high levels of wind penetration. 

The WT inertia response has to be fast enough to reduce the RoCoF and the 

additional power has to be maintained at least until the minimum frequency is reached. 

An excess of kinetic energy release may lead to WT stalling due to a rotor speed 

reduction below the limit specified by manufacturers [114]–[116]. The available 

kinetic energy depends on wind speed conditions, i.e. WTs operating at low wind 

speeds have a limited amount of kinetic energy. Also, variation and stochastic nature 

of the wind increase the complexity of determining the kinetic energy that can be 

released during the inertia response provision [117], [118].   

4.2.2 Current Developments in Inertia Emulation 

Inertia emulation was presented first time in [119] for DFIG WTs and implemented 

as a derivate controller. Since then, academia and industry have done important 

developments to implement and analyse the advantages of inertia emulation in 

variable-speed WTs. Currently inertia emulation is offered by a number of WT 

manufacturers and is required by several system operators as an ancillary service. 

However, inertia emulation is still at a demonstration stage with collaborations 

between manufacturers and system operators to analyse the impact of such frequency 

response in real power systems. 

WindINERTIATM control [120] is the inertia emulation service from GE. An 

increase of 5-10% of the power generation is ensured for short-term under frequency 

events. The control implementation is described in [121] and simulation and field test 

results are presented in [122], [123]. Also, ENERCON offers an inertia emulation 

service with a contribution up to 10% of the nominal power that can be provided for 

approximately 10 s [124], [125]. In [117] this manufacturer shows a comparison of 

simulation models and field test measurements for Type 3 and 4 WTs. 

Hydro-Québec TransÉnergie (HQT) was the first system operator to request inertia 

response from WTs. In [73] and [126] HQT defines technical requirements and 
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validation tests for inertia response. WPPs are required to provide at least the same 

inertia response as a conventional synchronous generator with inertia constant equal 

to 3.5 s. For example, this is equivalent to increasing the additional power of the WPPs 

at least 6% for about 10 s in case of a severe power imbalance as shown in Table 4.1, 

which considers the grid scenario presented in [112]. Additional requirements were 

defined as a result of a close collaboration with WT manufacturers (ENERCON and 

Senvion) [112]. These requirements are going to be included in the grid code as 

performance guidelines.  

Table 4.1: Example of HQT requirement of inertia emulation applied for the grid scenario 

presented in [112]. 

Parameter Value 

Synchronous Generation, 𝑆𝑆𝐺 10 GW 

Wind Power Plants with inertia 

emulation, 𝑆𝑊𝑃𝑃 

2 GW 

Minimum frequency for a severe power 

imbalance, 𝑓𝑚𝑖𝑛 

58.5 Hz 

Frequency threshold for activation of 

inertia emulation, 𝑓0 

59.5 Hz 

Total kinetic energy released by WPPs 

in per-unit, ∆𝐸𝑝𝑢 

∆𝐸𝑝𝑢 = ∆𝑃𝑝𝑢 ∙ ∆𝑡 = 0.6 𝑝𝑢 

Inertia constant of WPPs, 𝐻𝑊𝑃𝑃 
𝐻𝑊𝑃𝑃 =

∆𝐸𝑝𝑢

(1 −
𝑓𝑚𝑖𝑛
2

𝑓0
2 )

𝑆𝑊𝑃𝑃
𝑆𝑆𝐺

≈ 3.5 𝑠 

Two other system operators have recently introduced inertia response requirements 

for WPPs: the Independent Electricity System Operator (IESO) [74], located in the 

Canadian province of Ontario, and the Operador Nacional do Sistema Eletrico (ONS) 

[75] in Brazil. Table 4.2 compares the inertia response requirements for each system 

operator and Figure 4.2 shows a representation of these requirements. 

In Europe, inertia response is not required from WPPs. However, small 

synchronous areas, such as Ireland and Great Britain, are considering short-term 

frequency services that can be provided from non-synchronous generation to limit the 

RoCoF and the frequency deviation [76], [127]. Also, ENTSOE is starting to address 
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the impact of a future inertia reduction in Continental Europe and the Nordic  

synchronous areas [128], [129].  

Table 4.2: Specifications for inertia emulation in different system operators  

Parameter HQT [112] IESO [74] ONS [75] 

Frequency threshold,𝑓𝑡ℎ ≤ 0.5 Hz 0.3 Hz 0.15 Hz 

Maximum response 

delay,𝑡𝑑𝑒𝑙𝑎𝑦 
1.5 s 1 s 0.5 s 

Minimum power 

contribution, ∆𝑃𝐼𝐸 

6% nominal 

power 

10% pre-

disturbance power 

10% nominal 

power 

Minimum duration, ∆𝑡𝐼𝐸 9 s 10 s 5 s 

Maximum recovery 

power, ∆𝑃𝑟𝑒𝑐 

20% nominal 

power 

5% pre-

disturbance power 
- 

Maximum time between 

two consecutive  

activations, ∆𝑡𝑐𝑜𝑛𝑠,𝑎𝑐𝑡 

- 2 min - 

Minimum power output for 

availability of this service 
25% nominal power 

 

 

Figure 4.2: Representation of Inertia Emulation requirements. 

4.2.3 Wind Turbine Control and Implementation of Inertia 

Emulation  

 Figure 4.3 shows the general control scheme of a DFIG-WT and a FRC-WT. 

DFIG-WTs control part of the wind power generation through the rotor of the 
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induction generator. FRC-WTs control the full wind generation through the stator of 

the generator. Variable speed WTs are controlled by a back-to-back converter. The 

grid-side VSC is responsible for regulating the voltage of the dc link between both 

converters. The generator-side VSC controls the rotor speed of the generator to modify 

the WT power extraction. More details about WT modelling and VSC controls are 

found in [86] and in Appendix C. Inertia emulation is implemented as a supplementary 

control loop in the machine-side VSC, as shown in Figure 4.3. At least, the grid 

frequency, 𝑓𝑔, and the optimal power reference, 𝑃𝑜𝑝𝑡, are necessary as inputs to provide 

inertia emulation. A detailed description of inertia emulation control schemes is 

presented in Section 4.1. 

 

(a) DFIG-WT 

 

(b) FRC-WT 

Figure 4.3: General scheme of WT controls including inertia emulation. 

Under normal conditions, WTs operating below rated wind speed generate 

maximum power, based on the optimal power coefficient 𝐶𝑝. However, when inertia 
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response is provided, WTs temporarily operate below maximum power extraction. 

This causes a loss of captured wind energy, which can be expressed as:  

Eloss,IE = ∫ (𝑃𝑡,𝑜𝑝𝑡(𝑡) − 𝑃𝑡,𝐼𝐸(𝑡)) 𝑑𝑡 =
𝑡𝑒𝑛𝑑

𝑡𝑖𝑛𝑖

=
1

2
𝜌𝜋𝑟2𝑣𝑤

3 ∫ (𝐶𝑝,𝑜𝑝𝑡(𝑡) − 𝐶𝑝,𝐼𝐸(𝑡)) 𝑑𝑡
𝑡𝑒𝑛𝑑

𝑡𝑖𝑛𝑖

 

( 4.4 ) 

Also, the efficiency of captured wind energy is calculated as a power reduction from 

the optimal 𝐶𝑝: 

ηIE =
𝑃𝑡,𝑜𝑝𝑡 − 𝑃𝑡,𝐼𝐸

𝑃𝑡,𝑜𝑝𝑡
= 1 −

𝐶𝑝,𝐼𝐸

𝐶𝑝,𝑜𝑝𝑡
 ( 4.5 ) 

4.3 CONTROL STRATEGIES FOR INERTIA EMULATION 

A number of strategies have been suggested for inertia emulation in variable speed 

WTs. In general two main strategies are considered: Synthetic Inertia  [111], [121], 

[130]–[133] and Temporary Overproduction  [112]–[114], [131]–[134]. The terms 

used to define these strategies can be different in other references; e.g. SI is also known 

as inertia coupling [131] or governor-inertia controller [114], whereas TO is also 

presented as temporary power surge [132], short-term overproduction [113], step 

response [131] or step over production [114]. In addition, inertia emulation strategies 

can be implemented as electrical torque or power reference. In this chapter, inertia 

emulation control with power reference is employed since this option is used by 

manufacturers and facilitates the consideration of system operator requirements. 

4.3.1 Synthetic Inertia 

This strategy mimics the inertia response of conventional synchronous generators. 

Figure 4.4 shows the general implementation of SI, which is based on a PD controller. 

The derivative controller represents the inertia of the WT generators and can amplify 

noise from the frequency measurement. A low pass filter is added in the frequency 

measurement to attenuate this noise. The proportional or droop controller represents 

the governor action and is used to increase the kinetic energy release and delay the 

start of recovery period. A washout filter is included in [111], [135] to remove the 

droop control contribution in steady state and allow the WT recovery. Dead bands are 
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used in frequency deviation and RoCoF to activate SI based on system operator 

requirements. In summary, the following options for SI are found in the literature: 

• PD controller without washout filter [114], [130], [131], [136] 

• PD controller with washout filter [135], [137] 

• Proportional controller with washout filter [121], [133], [135] 

 

Figure 4.4: Control scheme of Synthetic Inertia strategy. 

As explained in Section 4.2.2, the system operators define minimum specifications 

to set the inertia response performance, such as magnitude of additional power or 

duration of the energy release. The parameter tuning of SI to comply with these 

requirements may not be straightforward due to the combination of a low-pass and 

washout filter. 

4.3.2 Temporary Overproduction 

This strategy provides additional power over a period of time. The additional power 

is independent of the RoCoF, hence TO does not amplify noise from the frequency 

measurement. The additional power can be implemented as a step or proportional 

function [112], [118]. The step function provides a constant maximum contribution 

independently of the frequency deviation, i.e. without considering the imbalance 

magnitude. The proportional function increases the power in relation to the frequency 

deviation up to the maximum contribution. For large power imbalances or large 

proportional gains both strategies have a similar performance, as they provide the 

maximum power contribution. In [112] a control scheme based on a proportional gain 

with adjustable sign is proposed to implement the step and proportional functions.  
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Also, the step function can be implemented with other schemes [114], [118], [138]. 

In this chapter, the control scheme proposed in Figure 4.5 is used to implement TO as 

a step function. It is observed that the step function is activated when the frequency 

crosses a threshold value, 𝑓𝑡ℎ, and the rotor speed is higher than a minimum value, 

 𝜔𝑟,𝑚𝑖𝑛. Also, a rate limiter is added to avoid an excessive mechanical stress in the 

WTs when TO is activated and deactivated. The additional power, ∆𝑃𝑇𝑂, 

overproduction time, ∆𝑡𝑇𝑂, and rate limits can be defined based on system operator 

requirements. This definition facilitates the introduction of inertia emulation as a WT 

ancillary service as shown in [112]. However, it should be noted that ∆𝑃𝑇𝑂 is constant 

and independent of the frequency deviation, which can generate an overreaction if the 

power imbalance is small and there is an excess of additional power. 

 

Figure 4.5: Control scheme of Temporary Overproduction strategy. 

4.3.3 Comparison of Inertia Emulation Strategies 

The two control strategies are tested in a simulation model developed in MATLAB 

Simulink that includes a 1.2 GW offshore wind farm connected to a 5 GW ac grid.  An 

under-frequency event is represented with an imbalance equal to 7.5% of the ac grid 

demand, i.e. a 375 MW load. The offshore wind farm is modelled as an aggregation 

of 6 MW type 4 WTs. WTs are represented with an aerodynamic model and an inertia 

emulation control, but the back-to-back converter and the WT generator dynamics are 

not included, because their dynamics do not affect the inertia response. The ac grid is 

represented as a low order system frequency response model as described in Appendix 

D. The details of the WTs and the ac grid model can be found in Appendix H.  
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The control strategies are evaluated and compared based on maximum frequency 

deviation, ∆𝑓𝑚𝑎𝑥, and RoCoF of the ac grid. The maximum RoCoF is measured for 

the first second after the imbalance and with a sampling time of 0.5 s [18], [139]. WTs 

are operating below the rated speed, e.g. at 0.6 pu, to analyse the impact of the WT 

recovery power. SI and TO are designed to release kinetic energy for 6 s with a 

maximum power contribution equal to 10% of the pre-disturbance power, 𝑃0. The 

control parameters for the inertia emulation strategies are in Tables 4.3 and 4.4. 

Table 4.3: Control parameters of Synthetic Inertia strategies 

Parameters 
PD (no washout 

filt.) 

PD (with 

washout filt.) 

P (with 

washout filt.) 

Derivative gain, 𝑘𝑑 0.3 0.3 - 

Proportional gain, 𝑘𝑝  0.04 0.14 0.202 

Time constant of first 

order filter, 𝑇𝑓 
0.1 s 

Time constant of washout 

filter, 𝑇𝑑 
- 6 s 4.5 s 

Dead band frequency, 𝑓𝑑𝑏 0.1 Hz 

Dead band RoCoF, 𝑑𝑓𝑑𝑏 0.1 Hz/s 

Maximum power 

contribution, ∆𝑃𝑇𝑂 
0.06 pu 

Table 4.4: Control parameters of Temporary Overproduction strategies 

Parameters Step function 
Proportional 

function 1 

Proportional 

function 2 

Maximum power 

contribution, ∆𝑃𝑇𝑂 
0.06 pu 

Overproduction time, ∆𝑡𝑇𝑂 6 s 

Threshold frequency, 𝑓𝑡ℎ 0.1 Hz 

Rate Limiter ± ∆𝑃𝑇𝑂 / 0.5 s 

Proportional gain during 

energy release, 𝑘𝑝 
- 0.15 0.3 

Proportional gain during 

recovery, 𝑘𝑟𝑒𝑐 
- -0.01 
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In Figure 4.6 the SI strategies are compared. The PD controller with a washout filter 

has the lowest RoCoF and the P controller has the lowest ∆𝑓𝑚𝑎𝑥, as shown in Table 

4.5. The PD controllers can reduce the RoCoF significantly due to the fast response of 

the derivative controller. If the proportional action of the PD controller does not use 

washout filter, a limited amount of kinetic energy can be released, as shown in Figure 

4.6b, where the rotor speed reduction is smaller than in the other SI options. As 

concluded in [135], the proportional controller with a washout filter can be designed 

to provide better frequency containment than the PD controllers, but the power 

increase is not fast enough to reduce the RoCoF significantly. The recovery time and 

power in the PD controller without washout filter are smaller than in the other SI 

options. This is because the kinetic energy release is smaller and the proportional 

action does not allow the rotor speed to return back to the initial value, as shown in 

Figure 4.6b. 

 

(a) Wind power generation. 

 

(b) Wind turbine rotor speed. 
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(c) Frequency of AC system. 

 

(d) Efficiency of captured wind energy, based on ( 4.5 )  

Figure 4.6: Comparison of SI strategies considering the same time of overproduction and 

a maximum power contribution equal to 10% of P0. 

In Figure 4.7 the TO strategies are compared. The step function and proportional 

function 1 provide similar RoCoF and ∆𝑓𝑚𝑎𝑥, as shown in Table 4.5, because the 

additional power is equal to the maximum contribution and the initial power increase 

is approximately the same. If the gain of the proportional function is small enough, the 

power contribution does not saturate and the inertia support decreases, as shown in 

Figure 4.7 for proportional function 2.  

 

(a) Wind power generation. 
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(b) Wind turbine rotor speed. 

 

(c) Frequency of AC system. 

 

(d) Efficiency of captured wind energy, based on ( 4.5 ) 

Figure 4.7: Comparison of TO strategies considering the same time of overproduction 

and a maximum power contribution equal to 10% of P0. 

The ∆𝑓𝑚𝑎𝑥 in TO is lower than in SI, because the power contribution in TO is higher 

during the overproduction period. SI with derivative controller provides the lowest 

RoCoF, but TO can reduce the RoCoF if the rate limiter is decreased. The recovery 

period is shorter in TO than in SI, but the recovery power is higher, which affects the 

ac grid with a second frequency dip at t=10-15 s. In Figures 4.6d and 4.7d the 

efficiency of captured wind energy is calculated based on the deviation from the 
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optimal 𝐶𝑝 in ( 4.5 ). As mentioned in [132], the loss of captured wind energy during 

inertia response is not significant, because the efficiency reduction is less than 0.5%. 

Table 4.5: RoCoF and maximum frequency deviation for simulations results in Figures 4.6 

and 4.7. The minimum values for SI and TO options are highlighted in boldface. 

Case Maximum RoCoF (Hz/s) ∆𝒇𝒎𝒂𝒙 (Hz) 

No support 0.386 0.85 

SI 

PD (no washout filter) 0.319 0.82 

PD (with washout filter) 0.317 0.76 

P (with washout filter) 0.366 0.72 

TO 

Step function 0.346 0.69 

Proportional  function 1 0.349 0.69 

Proportional  function 2 0.366 0.70 

It is important to define the minimum power output for availability of inertia 

emulation. This minimum power depends on the reduction of rotor speed during the 

provision of inertia emulation. The rotor speed must be above the minimum value 

defined by the manufacturers to avoid WT stalling. In this case study, the minimum 

rotor speed is 0.304 pu according to the WT data from Appendix H. Figure 4.8 shows 

the provision of inertia emulation for different power generations when the maximum 

power contribution is 0.1 pu (10% of nominal power). Inertia emulation is 

implemented as TO with step function, because this is the strategy with the highest 

rotor speed reduction during inertia response. It is observed that the minimum power 

output to ensure that inertia emulation is available is 0.066 pu.  

 

(a) Wind power generation. 
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(b) Wind turbine rotor speed. 

Figure 4.8: Inertia emulation as TO with step function and maximum power contribution 

equal to 10% of nominal power. 

4.4 IMPACT OF WIND TURBINE RECOVERY POWER 

The WT recovery power can generate a second frequency dip larger than the initial 

frequency reduction caused by the imbalance. This is especially significant in TO, 

where the overproduction deactivation produces an initial high power acceleration to 

recover the rotor speed. 

Also, in case of a high wind penetration scenario this situation is more likely to 

occur. For example, in small ac systems, such as Ireland or Great Britain, low demand 

scenarios can significantly increase the wind penetration level. Figure 4.9 shows the 

effect of the recovery power when TO is designed as a step function and different 

demand levels are considered. It is observed that when demand decreases, the inertia 

response improves the frequency containment of the first frequency reduction, but the 

second dip is larger. 

 

Figure 4.9: Reduction of demand in ac grid with TO strategy 
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This problem has been identified by HQT in [112] and three solutions are presented 

to reduce the impact of the WT recovery power in the case of TO: 

• Increase of overproduction time 

• Delay the transition to the recovery phase 

• Limit the recovery power 

In case of SI, the increase of overproduction time and delay of the transition to the 

recovery phase are equivalent. These solutions can be applied modifying the control 

of each WT or coordinating the inertia emulation of the WTs to obtain a desired 

aggregated inertia response from a WPP [63], [136], [140]. In this section the control 

modification in individual WTs is presented. 

The increase of overproduction time delays the recovery period until the frequency 

is restored and the second frequency dip is compensated by the primary response of 

the synchronous generation. If there is a high wind penetration and the synchronous 

generation is limited the second frequency dip might not be compensated. Figure 4.10 

shows an example, where the overproduction time is increased from 6 s to 10 s.  

 

(a) Wind power generation. 

 

(b) Frequency of AC system. 

Figure 4.10: Increase of overproduction time in TO from 6 to 10 s when the demand level 

is 4 GW. 
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In addition, the recovery period can be delayed if the transition time to the recovery 

phase increases. This option can be implemented increasing the power rate limit in 

Figure 4.5 only when the power is reduced. Figure 4.11 shows an example where the 

power rate limit is increased from 1 to 3 s. 

 

(a) Wind power generation. 

 

(b) Frequency of AC system. 

Figure 4.11: Increase of power rate limit from 0.5 to 3 s when the demand level is 4 GW. 

The limitation of the recovery power can directly attenuate the second frequency 

dip. This solution extends the recovery time and increases the period of suboptimal 

operation of the WTs. However, as mentioned in Section 4.3.3 the loss of captured 

wind energy during inertia response is not significant. The recovery power limitation 

can be implemented using a saturation block when the recovery period starts. Figure 

4.12 shows an example where the recovery power is saturated at 2% of the pre-

contingency power. 
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(a) Wind power generation. 

 

(b) Frequency of AC system. 

Figure 4.12: Limitation of recovery power with saturation at 2% of P0 when the demand 

level is 4 GW. 

A combination of these factors can be used to define the WT recovery for TO [112], 

[118]. Figure 4.13 shows an example where the second frequency dip is delayed 

increasing the power rate limit and attenuated limiting the recovery power.  

 

(a) Wind power generation. 
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(b) Frequency of AC system. 

Figure 4.13: Limitation of recovery power with saturation at 2% of P0 and increase of 

power rate limit from 1 to 3 s when the demand level is 4 GW. 

4.5 INTEGRATION WITH VSC-HVDC TRANSMISSION SYSTEMS 

HVDC transmission systems decouple offshore grids from onshore ac grids. If 

inertia response from OWPPs is required, the information of frequency deviations has 

to be transferred from the onshore grid to the OWPP.  

Fibre optic links embedded within ac and dc cables can be used for fast 

communication between the VSCs [45], [62], [141]. Figure 4.14a shows the control 

scheme for an OWPP connected through an HVDC point-to-point system using 

communications. The frequency is measured with a PLL in the onshore HVDC 

converter and it is transferred directly to the WTs to activate inertia emulation [45]. 

Another option is to transmit the onshore frequency signal to the offshore HVDC 

converter, which will modify the offshore frequency and activate inertia emulation as 

in ac-connected OWPPs [62]. A loss of communication or occasional long delays may 

challenge the effectiveness of this option. 

Alternatively, a communication-free control scheme can be implemented relying 

on local measurements of the HVDC converters. In this case, the voltage of the HVDC 

link is used as an intermediate signal to transfer the onshore frequency variations to 

the offshore HVDC converter [45], [46], [67], [69], [142], as show in Figure 4.14b. In 

the onshore HVDC converter, the dc voltage is modified with a 𝑓 − 𝑉𝑑𝑐 droop control 

using onshore frequency measurement. In the offshore HVDC converter the dc voltage 

measurement is used to modify the offshore frequency with a 𝑉𝑑𝑐 − 𝑓 droop control. 
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Therefore, the offshore frequency can be expressed in relation to the onshore 

frequency as: 

𝑓𝑜𝑓𝑓 = 𝑓0
𝑜𝑓𝑓

+ 𝑘𝑣𝑘𝑓(𝑓
𝑜𝑛 − 𝑓0

𝑜𝑛) ( 4.6 ) 

where 𝑓0
𝑜𝑓𝑓

 and 𝑓0
𝑜𝑛 are the reference frequencies, 𝑓𝑜𝑓𝑓 and 𝑓𝑜𝑛 are the measured 

frequencies and  𝑘𝑣 and 𝑘𝑓 are the droop gains. If the offshore frequency replicates the 

same onshore frequency variations, 𝑓0
𝑜𝑛 = 𝑓0

𝑜𝑓𝑓
 and the droop gains are defined such 

that 𝑘𝑣𝑘𝑓 = 1. 

This alternative is robust against loss of communication since it relies on local 

control actions. However, the measurement accuracy is subjected to noise and 

converter control delay. Also, potential interactions may exist with the protection 

schemes, as the dc voltage variations during ac or dc faults can be detected as a power 

imbalance in the onshore ac grid [46]. The parameter selection of the droop gains 

should ensure that the dc voltage variations are inside safe operational limits during 

the largest disturbances on the onshore ac grid. The dc voltage limits are usually 

defined at ±10% of the nominal value [45], [62], but in real applications they depend 

on the insulation levels of dc cables and the HVDC converter modulation. 

 

(a) Option with fast communication to transfer onshore frequency signal to the offshore 

HVDC converter (light grey) or the OWPP (dark grey). 
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(b) Option without communications to transfer onshore frequency signal to the offshore 

HVDC converter using dc voltage as intermediate signal. 

Figure 4.14: HVDC point-to-point control scheme with artificial frequency coupling 

between onshore and offshore grids. 

The connection of OWPPs to MTDC grids increases the options to provide inertia 

response from WTs, but the control implementation is more complex as well. 

Coordinated control strategies of the MTDC grid without relying on communications 

are analysed in [143]–[145].  Also, the authors in [141] proposed a control scheme 

with fast communication to avoid potential interactions between the onshore 

converters and incorrect operation of inertia response from WTs. In [146] the PhD 

candidate in collaboration with the main author developed an alternative coordinated 

control for MTDC systems to transfer the WT recovery power to undisturbed ac grids 

and allow correct operation of MTDC grids during multiple power imbalances. 

4.6 EXPERIMENTAL IMPLEMENTATION OF INERTIA EMULATION 

Inertia Emulation from HVDC-connected OWPPs is tested in an experimental rig. 

The experiment considers an OWPP connected through an HVDC point-to-point 

system. In [146] a similar experiment is presented for a MTDC system using the same 

experimental rig, but the test was focused on the coordinated control scheme of the 

MTDC grid. 
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4.6.1 Description of Hardware-in-the-Loop Set-up 

Figure 4.15 shows the general diagram of the HIL set-up. The main components 

are: WT test rig, VSC test rig, dc Network cabinet, real time simulator and grid 

simulator. The WT test rig, VSC test rig and dc Network cabinet represent scaled-

down elements of a simulated system. The real time simulator represents a model of 

the onshore ac grid, which is interfaced to the VSC test rig with a grid simulator. 

 

Figure 4.15: General diagram of the HIL set-up 

 

Figure 4.16: Elements represented in the HIL test. The scaled-down components are in 

black and the emulated elements are in grey. 

4.6.2 Wind Turbine Test Rig 

The WT test rig represents an OWPP as an aggregation of PMSG-WTs. This test 

rig is formed by two permanent magnet synchronous machines, a back-to-back 

converter, a variable-speed motor drive (Unidrive inverter) and an embedded computer 

(dSPACE), as shown in Figure 4.17. The electrical machines are coupled through a 

shaft. The motor absorbs power from the laboratory supply and the generator injects 

this power to the VSC test rig. The generator is a scaled-down representation of a real 

PMSG and the motor emulates the aerodynamic and mechanical response of a real 

WT. The Unidrive inverter controls the speed of the motor, whereas the dSPACE 

controls the back-to-back VSCs and supervises the operation of the test rig. An 

autotransformer is necessary to step up the output voltage from the back-to-back 
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converter to the VSC test rig (100/140 V). The technical specifications of the test rig 

are in Appendix E. 

  

Figure 4.17: Wind Turbine test rig 

4.6.3 VSC Test Rig and DC Network Cabinet 

The VSC test rig represents the HVDC converters. This test rig formed by three 2-

level VSCs, an embedded computer (dSPACE), ac inductors and dc inductors, as 

shown in Figure 4.19. The dSPACE controls the VSCs and monitors the test rig 

operation. Only two VSCs (WFC and GSC) are used in the experiment to test an 

HVDC point-to-point system. WFC absorbs power from the WT test rig and GSC 

injects this power to the grid simulator.  

The VSCs are interconnected through the dc network cabinet, which is used as a 

scaled-down representation of dc cables. This cabinet includes dc inductors, dc 

capacitors and distributed π models to represent dc cables, as shown in Figure 4.18. 

More technical specifications about the VSC test rig and the dc network cabinet are 

found in Appendix E. In this experiment, the dc cables are represented with the dc 

inductors. 
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Figure 4.18: VSC test rig and dc network cabinet 

 

Figure 4.19: Interior of VSC test rig 

4.6.4 Real Time Simulator and Grid Simulator 

The real time simulator (RTDS) models the onshore ac grid as a low order system 

frequency response model. RSCAD software is used to build the models for RTDS. 

The real time simulator provides the voltage of the onshore ac system as an analog 

output signal, and receives the current measurement from GSC as an analog input, as 

shown in Figures 4.15, 4.16 and 4.20. A phase difference exists between the actual 

VSC test rig current and the RTDS measurement, 𝑖𝑎𝑏𝑐, due to a transmission signal 

delay. A lead-lag compensator is used in RTDS to eliminate the phase difference in 
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the current measurement (-4.96 degrees). The current output of the lead-lag filter, 

𝑖𝑎𝑏𝑐,𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒, is the input signal to a controllable source in RSCAD model. 

The grid simulator interfaces the RTDS to the VSC test rig. It receives the voltage 

signals from the RTDS and generates the necessary output voltage for GSC, as shown 

in Figure 4.20a. This grid simulator is a four-quadrant power amplifier that absorbs 

the power from the GSC and injects it back to the laboratory supply. Figure 4.21 shows 

a picture of the real time simulator and the grid simulator and their technical 

specifications are found in Appendix E. 

 

(a) AC voltage signal transmission from the 

RTDS to GSC of VSC test rig 

 

(b) Current signal transmission from 

GSC of VSC test rig to the RTDS  

Figure 4.20: Interface of RTDS with VSC test rig  

 

Figure 4.21: Real time simulator and Grid simulator 

4.6.5 Contributions to the implementation of the Hardware-in-the-

Loop Set-up 

This HIL set-up was implemented in collaboration with Dr. Oluwole Daniel Adeuyi 

from Cardiff University. The PhD candidate was responsible for the following tasks: 
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• Implementing converter controls of the WT test rig, including an inertia 

emulation control, and the aerodynamic and mechanical model of a real WT 

in the dSPACE controller [147].  

• Implementing ac voltage control in the WFC, which is necessary to connect 

the WT test rig to the VSC test rig.  

• Defining scaling gains to interface RTDS to VSC test rig.  

• Implementing lead-lag controller to compensate phase delay in current 

measurement.  

4.7 SIMULATION AND EXPERIMENTAL RESULTS 

The case study to implement inertia emulation from an HVDC-connected OWPP is 

the same as in Section 4.3.3, but the WT generator and VSC dynamics are considered. 

Inertia emulation of WTs is implemented as TO, based on the step function presented 

in Figure 4.5 and with the parameters in Table 4.4. A communication-free control 

scheme is used to artificially couple the offshore and onshore frequencies. The droop 

gains, 𝑘𝑣 and 𝑘𝑓, are defined as:  

𝑘𝑣 =
∆𝑉𝑑𝑐,𝑚𝑎𝑥
∆𝑓𝑜𝑛,𝑚𝑎𝑥

 ;  𝑘𝑓 =
∆𝑓𝑜𝑓𝑓,𝑚𝑎𝑥

∆𝑉𝑑𝑐,𝑚𝑎𝑥
 ( 4.7 ) 

where ∆𝑓𝑜𝑛,𝑚𝑎𝑥 and ∆𝑓𝑜𝑓𝑓,𝑚𝑎𝑥 are the maximum frequency deviations on the onshore 

and offshore grids and ∆𝑉𝑑𝑐,𝑚𝑎𝑥, is the maximum dc voltage deviation in the HVDC 

transmission system. In this case, ∆𝑉𝑑𝑐,𝑚𝑎𝑥 = 0.1 𝑝𝑢 and ∆𝑓𝑜𝑛,𝑚𝑎𝑥 = ∆𝑓𝑜𝑓𝑓,𝑚𝑎𝑥 =

0.8 𝐻𝑧, which results as  𝑘𝑣 = 0.125 𝐻𝑧
−1 and 𝑘𝑓 = 8 𝐻𝑧. More details of the other 

controllers are found in Appendix H. 

The experimental results are compared against PSCAD simulations. These results 

are expressed in per-unit according to the base values in Table 4.6. The dynamic 

response of the experimental test rig and PSCAD model depends on the dc cable and 

VSC parameters. The test rig cable inductance and resistance and the dc capacitors and 

ac inductors of the VSCs were scaled-down in order to have equal per-unit values as 

the PSCAD model and to achieve an equivalent dynamic response between the 

experimental rig and PSCAD model. 
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Table 4.6: Base values for PSCAD model and experimental test rig 

Parameter 
PSCAD 

model 

Experimental 

test rig 

Power, 𝑃𝑏 1.2 GW 700 W  

Voltage HVDC transmission, 𝑉ℎ𝑣𝑑𝑐,𝑏 640 kV 250 V 

Impedance HVDC transmission, 𝑍𝑑𝑐,𝑏 = 𝑉ℎ𝑣𝑑𝑐,𝑏
2 /𝑃𝑏 341.3 Ω 89.29 Ω  

AC voltage, 𝑉𝑎𝑐,𝑏 380 kV 140 V 

AC impedance, 𝑍𝑎𝑐,𝑏 = 𝑉𝑎𝑐,𝑏
2 /𝑃𝑏 120.3 Ω 28 Ω  

Wind Turbine rotor speed, 𝜔𝑟,𝑏 148.5 rpm 2010 rpm 

Three cases were studied: 

• No IE: no inertia emulation from OWPP. 

• IE: inertia emulation without WT recovery power limitation. 

• IE-R: inertia emulation with WT recovery power limitation. This is 

achieved by saturating the recovery power at 4% of pre-disturbance power 

and increasing the transition delay to the recovery phase from 0.5 to 3 s. 

The imbalance occurs at 2 s and is modelled as a connection of a resistive load. 

Figures 4.22 - 4.26 show the simulation and experimental results of the onshore and 

offshore ac grid frequencies, powers at each HVDC terminal, dc voltage at WFC, WT 

rotor speed and WT efficiency. In general, there is good agreement between the 

simulation and experimental results. The no-load power losses of the VSCs produce 

an offset difference about 0.075 pu between the active power through the GSC and 

WFC, as shown in Figure 4.23b. This is because the VSC operating power is 700 W, 

which is about 14 times less than the rated power of 10 kW.  

4.7.1 Rate of Change of Frequency and Frequency Deviation 

Table 4.7 shows the RoCoF and maximum frequency deviation results associated 

to the frequencies in Figure 4.22. As mentioned in Section 4.3.3, the RoCoF is 

measured for the first second after the imbalance and with a sampling time of 0.5 s. 

The inertia response from WTs reduces the maximum frequency deviation 16.9% and 

the RoCoF 6%. The sudden decrease of WT power when the inertia emulation is 

deactivated generates a second drop in the onshore ac frequency, as shown in Figure 

4.22 when WT recovery period is not limited. 
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Figure 4.22: Simulation (left side) and experimental (right side) results of the onshore ac 

grid frequency 

Table 4.7: Frequency deviation and RoCoF from PSCAD simulation results 

Case Maximum RoCoF (Hz/s) ∆𝒇𝒎𝒂𝒙 (Hz) 

No IE 0.352 0.851 

IE 0.331 0.707 

IE-R 0.331 0.707 

4.7.2 Wind Turbine Recovery Power 

The impact of the WT recovery period on the frequency can be limited when the 

WT recovery power is saturated and the transition to the recovery phase is delayed. 

Figure 4.23 shows that the wind power generation without recovery limitation 

decreases down to 12.5% of the pre-disturbance power and with recovery limitation 

the reduction is saturated at 4%. As a consequence, the second frequency drop is 

attenuated, but the WTs need more time to recover the kinetic energy from the rotating 

mass. This is shown in Figure 4.24a, where the rotor speed without recovery limitation 

returns back to the pre-disturbance speed approximately at 30 s and with recovery 

limitation this time is extended to 50 s. The recovery phase delay shifts the second 

frequency drop from 11 s to 14 s. Also, this delay increases the inertia response period 

from 6 s to 9 s. As a result, more kinetic energy is extracted from the rotating mass and 

the minimum rotor speed slightly reduces from 0.9 pu to 0.89 pu, as shown in Figure  

4.24a. 

The recovery limitation decreases the efficiency of the WTs, i.e. increases the loss 

of captured wind energy, due to a longer recovery period and a higher rotor speed 

reduction. However, the efficiency reduction is not significant as shown in Figure 

4.24b. The efficiency in the experimental results is lower than in the simulation results 

due to large power losses of the experimental test rig. 



Chapter 4 Inertia Emulation in Offshore Wind Power Plants 

92 

  

(a) Active power through WFC 

  

(b) Active power through GSC 

Figure 4.23: Simulation (left column) and experimental (right column) results of the 

power transfer through HVDC transmission. 

  

(a) WT rotor speed 

  

(b) WT efficiency 

Figure 4.24: Simulation (left column) and experimental (right column) results of the WT 

rotor speed and efficiency 
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4.7.3 DC voltage and Offshore Frequency Variation 

Figure 4.25 shows the dc voltage and offshore ac frequency variations due to the 

additional 𝑓 − 𝑉𝑑𝑐 droop implemented in the GSC and the 𝑓 − 𝑉𝑑𝑐 droop implemented 

in the WFC. Therefore, an artificial coupling between the offshore and onshore grids 

is defined to allow the OWPP to provide inertia response. It is observed that the 

offshore ac frequency variation is the same as in the onshore grid since the droop gains 

were defined such that 𝑘𝑣𝑘𝑓 = 1. Also, the dc voltage deviations are about 0.08 pu, 

which is within permissible limits, assuming dc voltage limits of ±10% on the HVDC 

transmission system. 

  

(a) DC voltage at WFC 

  

(b) Offshore ac frequency deviation 

Figure 4.25: Simulation (left column) and experimental (right column) results of the DC 

voltage at WFC and offshore ac frequency deviation. 

4.7.4 Response Times 

The inertia emulation from OWPP is not activated instantaneously as shown in 

Figure 4.26, where the onshore and offshore frequencies and the OWPP power 

variation are illustrated during the activation of inertia emulation. It is observed that 

the offshore ac frequency starts to decrease 100 ms after the imbalance. This delay is 

affected by the response delay of the converter controls and the length of the dc cables. 

The WTs detect the frequency deviation and start to increase their power with a delay 
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of 400 ms. This delay is caused by the frequency threshold in the inertia emulation 

control and the response delay of the converter controls. Considering that the 

maximum power contribution is designed to be reached in 500 ms, the total activation 

time is equal to 1s.  

 

 Figure 4.26: Simulation results of onshore and offshore frequency and OWPP power 

variation during activation of inertia emulation. 

4.8 SUMMARY 

This chapter analysed two strategies for inertia emulation in OWPPs: Synthetic 

Inertia (SI) and Temporary Overproduction (TO). SI mimics inertia response of 

synchronous generators using different combinations of PD controllers and TO injects 

additional power using a step or proportional function. Considering system operator’s 

requirements for WT inertial emulation, the parameter tuning of TO is more 

appropriate than in SI. Also, TO is more robust against frequency measurement noise 

than SI, but it provides a fix additional power independently of the frequency 

deviation, unless a proportional function is used. 

A number of SI and TO control implementations were simulated in MATLAB 

Simulink and compared in terms of maximum frequency deviation, RoCoF and loss 

of captured wind energy during inertia response provision. The SI implemented as a 

PD or P controller with washout filter and the TO had a similar performance in terms 

of RoCoF and maximum frequency deviation. Also, the impact of recovery power on 
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the frequency response was reduced by delaying the recovery period and limiting the 

recovery power.  

A HIL experimental test rig was used to demonstrate inertia emulation with TO in 

an OWPP connected through an HVDC point-to-point link. A communication-free 

strategy was chosen to define an artificial coupling between the onshore and offshore 

frequencies. The experimental results showed good agreement with an equivalent 

PSCAD simulation model. The maximum power contribution from inertia emulation 

was activated in 1 s and the frequency coupling between onshore and offshore grids 

introduced a 100 ms delay. 

  



Chapter 5 Electrical Resonance Stability in HVDC-connected Offshore Wind Power Plants 

96 

Chapter 5  

5.Electrical Resonance Stability in 

HVDC-connected Offshore Wind Power 

Plants 

5.1 INTRODUCTION 

Harmonic instabilities have been reported in practical installations such as 

BorWin1, which was the first HVDC-connected OWPP [19], [148]. More recently, 

electrical interactions between offshore HVDC converters and series resonances have 

been identified in DolWin1 and highlighted by CIGRE Working Groups as potential 

causes of instability during the energisation of the offshore ac grid [11], [20], [81]. In 

HVDC-connected OWPPs, the long export ac cables and the power transformers 

located on the offshore HVDC substation cause series resonances in the frequency 

range of 100 ~ 1000 Hz [11], [20], [149], i.e. at harmonic frequencies. Moreover, the 

offshore grid is a poorly damped system without a rotating mass or resistive load [19], 

[20]. The typical control of an offshore HVDC converter could further reduce the total 

damping at the resonant frequencies until the system becomes unstable [51]. 

The state space eigenvalue analysis provides information about all the oscillation 

modes of the system and the contribution of the different state variables. However, a 

detailed information for all elements is required and high-order dynamic models for 

large systems can exceed the computation limits of the solvers. As alternative, 

frequency domain methods can be used to analyse stability with less compute-

intensive effort. Methods based on the impedance characterization of the system 

represent the frequency response of the grid and converters from their connection 

point. The impedance frequency response can be obtained from real measurements, 

i.e. without detailed data of the elements. Therefore, manufacturers and system 

operators can provide the impedance frequency response without compromising their 

intellectual property [19]. However, the impedance representation of the system 

analyses stability from the connection point of the grid and converters, which might 
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not consider all the oscillation modes of the system, and does not provide information 

about the contribution of the state variables. 

This chapter analyses and discusses the impact that harmonic series resonances 

have on the voltage stability of HVDC-connected OWPPs. An impedance-based 

representation is used to identify resonances and to assess stability considering the 

effect of the offshore converters. A reformulation of the positive-net-damping criterion 

[150] is used to determine the resonance stability of an OWPP. This alternative 

approach evaluates the net-damping for electrical series resonances and provides a 

clear relation between electrical resonances of the OWPP and stability. Analytical 

expressions of the harmonic series resonances are obtained and the total damping of 

the OWPP is used to characterise conditions of stability. The effect that the HVDC 

converter control parameters and the OWPP configuration have on stability is shown 

using examples. Root locus analysis and time-domain simulations in PSCAD/EMTDC 

are used to validate the stability conditions. 

5.2 IMPEDANCE-BASED REPRESENTATION OF AN HVDC-

CONNECTED OWPP 

An impedance-based representation is suitable for the modelling of converters of 

an HVDC-connected OWPP whenever detailed design information is not available. 

Such a converter representation offers advantages as it can easily be combined with 

the equivalent impedance of the offshore ac grid to characterise resonant frequencies. 

It is also possible to consider the effect of the converter controllers. Moreover, the 

stability assessment methods for impedance-based representations are simple and less 

computational intensive compared to other traditional methods such as eigenvalue 

analysis [19], [151]. 

The configuration of an HVDC-connected OWPP is shown in Figure 5.1. Type 4 

WTs are considered in this configuration, since this is the preferred topology for high 

rated power offshore WTs to increase reliability. If Type 3 WTs were considered, near-

synchronous resonances would be originated due to interactions with the WT 

generator. 

The WTs are connected to strings of the collector system through step-up 

transformers from low to medium voltage. Each WT grid side VSC has a coupling 
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reactor and a high frequency filter represented as an equivalent capacitor. The strings 

are connected to a collector substation, where transformers step-up from medium to 

high voltage. The collector transformer in Figure 5.1 is an equivalent representation of 

4 transformers that are connected in parallel in normal operation [20]. Export cables 

send the generated power to an offshore HVDC substation, where a VSC-based MMC 

operates as a rectifier and delivers the power to the dc transmission system. The dc 

transmission system and the onshore HVDC converters are not represented in this 

study, because the offshore ac grid dynamics are not transferred to the dc system. 

 

Figure 5.1: General scheme of an HVDC-connected OWPP. 

Figure 5.2 shows an impedance-based model of the HVDC-connected OWPP 

suitable for the analysis of electrical resonances and stability. The ac cables of the 

export and collector system are modelled as single 𝜋 sections with lumped parameters 

and the transformers are modelled as RL equivalents. These models are accurate 

enough to characterise the harmonic resonances that are responsible for stability issues 

[20]. The VSCs are represented by equivalent circuits, which include the frequency 

response of the controller. The offshore VSC is represented by a Thévenin equivalent 

as it controls the ac voltage of the offshore grid [51], [152]; however, Norton 

equivalents are used to represent the WT VSCs since they control current [152], [153]. 
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Figure 5.2: Impedance-based model of an HVDC-connected OWPP for resonance and 

stability analysis. 

5.3 IMPEDANCE-BASED MODEL OF VSCS 

The VSC models are represented in a synchronous dq frame and in the Laplace s 

domain, where complex space vectors are denoted with boldface letters for voltages 

and currents as 𝐯 = 𝑣𝑑 + 𝑗𝑣𝑞 and 𝐢 = 𝑖𝑑 + 𝑗𝑖𝑞. More details about complex space 

vectors and transfer functions are found in Appendix F. 

5.3.1 Offshore VSC Model 

The offshore VSC controls the ac voltage of the offshore grid. Figure 5.3(a) 

describes the control structure of this converter. If the VSC uses an MMC topology, 

high frequency filters are not required and only a voltage control loop is considered 

[53], [154]. Additionally, the internal MMC dynamics can be neglected if a circulating 

current control is implemented [154]. The control action based on a PI controller is 

expressed as: 

𝐯𝐯𝐬𝐜
𝐡 = 𝐹𝑃𝐼,𝑣(𝐯𝐫 − 𝐯𝐩𝐨𝐜) ( 5.1 ) 

𝐹𝑃𝐼,𝑣 = 𝑘𝑝,𝑣 +
𝑘𝑖,𝑣
𝑠

 
( 5.2 ) 

where 𝐯𝐯𝐬𝐜
𝐡  is the reference voltage for the offshore converter, 𝐯𝐫 is the control 

reference voltage at the Point of Connection (POC), 𝐯𝐩𝐨𝐜 is the voltage measured at 

the POC and 𝐹𝑃𝐼,𝑣 is the PI controller for the voltage control loop. 
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The dynamics across the equivalent coupling inductance of the offshore converter 

are expressed as: 

𝐯𝐯𝐬𝐜
𝐡 = 𝐯𝐩𝐨𝐜 + 𝐢𝐜 (𝑅𝑓

ℎ + 𝑠𝐿𝑓
ℎ + 𝑗𝜔1𝐿𝑓

ℎ) ( 5.3 ) 

where 𝐢𝐜 is the current from the HVDC converter, 𝐿𝑓
ℎ is the coupling inductance, 𝑅𝑓

ℎ is 

the equivalent resistance of the coupling inductance and 𝜔1 = 2𝜋𝑓1 rad/s (𝑓1 = 50 

Hz). 

A Thévenin equivalent of the offshore VSC (see Figure 5.2) is obtained by 

combining ( 5.1 ) and ( 5.3 ): 

𝐯𝐩𝐨𝐜 = 𝐯𝐫 ∙ 𝐺𝑐
ℎ − 𝐢𝐜 ∙ 𝑍𝑐

ℎ ( 5.4 ) 

𝐺𝑐
ℎ =

𝐹𝑃𝐼,𝑣
1 + 𝐹𝑃𝐼,𝑣

;  𝑍𝑐
ℎ =

𝑅𝑓
ℎ + 𝑠𝐿𝑓

ℎ + 𝑗𝜔1𝐿𝑓
ℎ

1 + 𝐹𝑃𝐼,𝑣
 

( 5.5 ) 

where 𝐺𝑐
ℎ is the voltage source transfer function and 𝑍𝑐

ℎ is the input-impedance of the 

converter. 

5.3.2 Wind Turbine VSC Model 

Each WT is equipped with a back-to-back converter, but only the grid side VSC is 

represented in this study, because the generator side VSC is decoupled from the ac 

voltage dynamics by the dc link between the VSCs. Its control is based on an ac current 

loop employing a PI controller as shown in Figure 5.3(b). The dc voltage outer loop is 

not represented in the WT VSC model since its dynamic response is slow; i.e. there is 

sufficient bandwidth separation with the inner current loop [19], [55]. This ensures 

that there are no interactions between harmonic resonances and the outer loops, which 

are not of interest in this thesis. Therefore, the control action based on a PI controller 

is expressed as: 

𝐯𝐯𝐬𝐜
𝐰 = 𝐹𝑃𝐼,𝑐(𝐢𝐫 − 𝐢𝐰𝐭) + 𝑗𝜔1𝐿𝑓

𝑤𝐢𝐰𝐭 + 𝐻𝑣𝐯𝐰𝐭 ( 5.6 ) 

𝐹𝑃𝐼,𝑐 = 𝑘𝑝,𝑐 +
𝑘𝑖,𝑐
𝑠
; 𝐻𝑣 =

𝛼𝑓

𝑠 + 𝛼𝑓
 

( 5.7 ) 
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where 𝐯𝐯𝐬𝐜
𝐰  is the reference voltage for the WT converter, 𝐢𝐫 is the control reference 

current, 𝐢𝐰𝐭 is the current from the WT VSC, 𝐿𝑓
𝑤 is the coupling inductance, 𝐯𝐰𝐭 is the 

voltage after the coupling filter, 𝐹𝑃𝐼,𝑐 is the PI controller of the current loop, 𝐻𝑣 is the 

low pass filter of the voltage feed-forward term and 𝛼𝑓 the bandwidth of 𝐻𝑣. The PI 

design is based on [153], [155], with proportional and integral gains given as 𝑘𝑝,𝑐 =

𝛼𝑐𝐿𝑓
𝑤 and 𝑘𝑖,𝑐 = 𝛼𝑐𝑅𝑓

𝑤, where 𝛼𝑐 is the bandwidth of the current control and 𝑅𝑓
𝑤 is the 

equivalent resistance of the coupling inductance. 

The dynamics across the coupling filter of the WT converter are expressed as: 

𝐯𝐯𝐬𝐜
𝐰 = 𝐯𝐰𝐭 + 𝐢𝐰𝐭(𝑅𝑓

𝑤 + 𝑠𝐿𝑓
𝑤 + 𝑗𝜔1𝐿𝑓

𝑤) ( 5.8 ) 

A Norton equivalent of the WT converter (see Figure 5.2) is obtained combining     

( 5.6 ) and ( 5.8 ): 

𝐢𝐰𝐭 = 𝐢𝐫 ∙ 𝐺𝑐
𝑤 − 𝐯𝐰𝐭 ∙ 𝑌𝑐

𝑤 ( 5.9 ) 

𝐺𝑐
𝑤 =

𝐹𝑃𝐼,𝑐
𝑅𝑓
𝑤 + 𝑠𝐿𝑓

𝑤 + 𝐹𝑃𝐼,𝑐
;  𝑌𝑐

𝑤 =
1 − 𝐻𝑣

𝑅𝑓
𝑤 + 𝑠𝐿𝑓

𝑤 + 𝐹𝑃𝐼,𝑐
 

( 5.10 ) 

where 𝐺𝑐
𝑤 is the current source transfer function and 𝑌𝑐

𝑤 is the input-admittance of the 

VSC. 

 

(a) 

 

(b) 

Figure 5.3: Control structures: (a) Offshore HVDC converter and (b) WT grid side converter. 
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5.4 STABILITY ANALYSIS OF HVDC-CONNECTED OWPPS 

The stability analysis considers the impedance-based circuit presented in Figure 5.4 

where the offshore grid is modelled with an equivalent circuit (further explained in 

Section 5.5). A similar representation can be found in [51]. 

 

Figure 5.4: Equivalent impedance-based circuit of an HVDC-connected OWPP with 

representation of offshore grid circuit. 

The impedances are expressed in the stationary αβ frame [156], [157], which is 

denoted in boldface letters for voltages and currents as 𝐯𝒔 = 𝑣𝛼 + 𝑗𝑣𝛽 and 𝐢𝒔 = 𝑖𝛼 +

𝑗𝑖𝛽. The current in the stationary αβ frame and the Laplace s-domain is given as: 

𝐢𝐜
𝐬 = (𝐯𝐫

𝐬𝐺𝑐
ℎ − 𝐢𝐫

𝐬𝐺𝑐
𝑤𝑍𝑐

𝑤)
1/𝑍𝑔

1 + 𝑍𝑐
ℎ/𝑍𝑔

⏞      
𝑇ℎ

 
( 5.11 ) 

where 𝑍𝑔 = 𝑍𝑒𝑞
𝑔𝑟𝑖𝑑

+ 1/𝑌𝑐
𝑤 is the equivalent impedance of the OWPP from the 

offshore VSC and 𝑇ℎ is the VSC closed loop transfer function, which can be also 

expressed as: 

𝑇ℎ(𝑠) =
𝑀(𝑠)

1 + 𝑀(𝑠)𝑁(𝑠)
=

𝑀(𝑠)

1 + 𝐿(𝑠)
 

( 5.12 ) 

where 𝑀(𝑠) = 1/𝑍𝑔 is the open loop transfer function, 𝑁(𝑠) = 𝑍𝑐
ℎ is the feedback 

transfer function and 𝐿(𝑠) is the loop transfer function. 

Assuming that the voltage and current sources in ( 5.11 ) are stable when they are 

not connected to any load [151], the stability of the OWPP can be studied in the 

following ways: 

• By analysing the poles of 𝑇ℎ or the roots of  𝑍𝑔 + 𝑍𝑐
ℎ = 0. 

• By applying the Nyquist stability criterion of 𝑍𝑐
ℎ/𝑍𝑔 [151]. 

• By considering the passivity of 𝑇ℎ  [156], [157]. 
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In addition to the previous alternatives, a variation to the positive-net-damping 

criterion given in [58], [150] is here employed instead to analyse system stability. The 

criterion has been reformulated to evaluate electrical resonance stability as explained 

in Section 5.4.2. 

5.4.1 Passivity 

A linear and continuous-time system F(s) is passive if [157]: 

• F(s) is stable and, 

• Re{𝐹(𝑗𝜔)} > 0 ∀𝜔, which is expressed in terms of the phase as −
𝜋

2
≤

arg {𝐹(𝑗𝜔)} ≤ −
𝜋

2
. This condition corresponds to a non-negative equivalent 

resistance in electrical circuits. 

Passivity can be applied to determine the stability of closed loop systems [156], 

[157]. A system represented by the closed loop transfer function in ( 5.12 ) is stable if 

M(s) and N(s) are passive since −𝜋 ≤ arg{𝐿(𝑗𝜔)} ≤ −𝜋 ∀𝜔. This implies that the 

Nyquist stability criterion for L(s) is satisfied. Therefore, the OWPP is stable if 𝑍𝑔 and 

𝑍𝑐
ℎ are passive. When the HVDC converter is connected to a passive offshore grid, 𝑍𝑔 

is passive and the stability only depends on the passivity conditions of the converter 

input-impedance, 𝑍𝑐
ℎ. 

In a no-load operation (i.e. when only the passive elements of the OWPP are 

energised), the passivity of 𝑍𝑔 is ensured as WTs are assumed to be disconnected from 

the offshore grid. However, the WTs represent active elements when they are 

connected to the offshore grid (i.e. 𝑍𝑔 can have a negative resistance), which may 

compromise the OWPP stability. 

5.4.2 Positive-net-damping Stability Criterion 

The criterion states that a closed loop system is stable if the total damping of the 

OWPP is positive at the following frequencies: (i) open loop resonances and (ii) low 

frequencies where the loop gain is greater than 1 [150]. A detailed demonstration of 

this criterion is presented in Appendix G. This criterion does not provide a clear 

relation between electrical resonances of the OWPP and system stability, which 

increases the complexity for analysing the impact that system parameters have on 

resonance stability. 
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The criterion presented in [150] has been reformulated to evaluate the net-damping 

for electrical series resonances. The approach proposed in this chapter is developed 

from the phase margin condition [51]. If stability is evaluated in terms of the phase 

margin, 𝐿(𝑗𝜔) = 𝑀(𝑗𝜔)𝑁(𝑗𝜔) must satisfy the following conditions at angular 

frequency 𝜔: 

|𝑀(𝑗𝜔)𝑁(𝑗𝜔)| = 1 ( 5.13 ) 

−𝜋 ≤ arg{𝑀(𝑗𝜔)𝑁(𝑗𝜔)} ≤ −𝜋 ∀𝜔. ( 5.14 ) 

where 𝑀(𝑗𝜔) and 𝑁(𝑗𝜔)in ( 5.13 ) and ( 5.14 ) can be expressed in terms of equivalent 

impedances as: 

1

𝑀(𝑗𝜔)
= 𝑍𝑔(𝑗𝜔) = 𝑅𝑔(𝜔) + 𝑗𝑋𝑔(𝜔) 

( 5.15 ) 

𝑁(𝑗𝜔) = 𝑍𝑐
ℎ(𝑗𝜔) = 𝑅𝑐

ℎ(𝜔) + 𝑗𝑋𝑐
ℎ(𝜔) ( 5.16 ) 

Also, the equivalent impedance from the voltage source 𝐯𝐫
𝐬𝐺𝑐

ℎ in Figure 5.4 is 

expressed as: 

𝑍𝑒𝑞
ℎ = 𝑍𝑐

ℎ + 𝑍𝑔 ( 5.17 ) 

Phase margin condition ( 5.13 ) is equivalent to: 

𝑅𝑐
ℎ(𝜔)2 + 𝑋𝑐

ℎ(𝜔)2 = 𝑅𝑔(𝜔)
2 + 𝑋𝑔(𝜔)

2 ( 5.18 ) 

The resistive components in HVAC grids and VSCs may be usually neglected 

compared to the reactive components. Therefore, 𝑅𝑔 ≪ 𝑋𝑔, 𝑅𝑐
ℎ ≪ 𝑋𝑐

ℎ and ( 5.13 ) is 

simplified to: 

𝑋𝑐
ℎ(𝜔) = ±𝑋𝑔(𝜔) ( 5.19 ) 

The electrical series resonances observed from the voltage source 𝐯𝐫
𝐬𝐺𝑐

ℎ in Figure 

5.4 correspond to frequencies where 𝑍𝑒𝑞
ℎ  in ( 5.17 ) has a dip or a local minimum. If 

the resistive components are neglected, the series resonance condition is reduced to: 
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Im{𝑍𝑒𝑞
ℎ (𝑗𝜔𝑟𝑒𝑠)} ≈ 0 →  𝑋𝑐

ℎ(𝜔𝑟𝑒𝑠) = −𝑋𝑔(𝜔𝑟𝑒𝑠) ( 5.20 ) 

It can be observed that ( 5.20 ) is a particular case of ( 5.19 ); i.e. the series resonance 

condition of 𝑍𝑒𝑞
ℎ  coincides with the stability condition  

|𝑀(𝑗𝜔)𝑁(𝑗𝜔)| = 1 given by ( 5.13 ). 

Phase margin condition ( 5.14 ) can be expressed in terms of the imaginary part of 

𝐿(𝑗𝜔) as follows: 

{
If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0 ∶ 0 < arg{𝐿(𝑗𝜔)} < 𝜋  → 𝑅𝑔(𝜔)𝑋𝑐

ℎ(𝜔) − 𝑅𝑐
ℎ(𝜔)𝑋𝑔(𝜔) > 0 

If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0 ∶ −𝜋 < arg{𝐿(𝑗𝜔)} < 0  → 𝑅𝑔(𝜔)𝑋𝑐

ℎ(𝜔) − 𝑅𝑐
ℎ(𝜔)𝑋𝑔(𝜔) < 0 

 

( 5.21 ) 

If the resonance condition in ( 5.20 ) is combined with ( 5.21 ): 

{
If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0 ∶  𝑋𝑐

ℎ(𝜔𝑟𝑒𝑠)[𝑅𝑐
ℎ(𝜔𝑟𝑒𝑠) + 𝑅𝑔(𝜔𝑟𝑒𝑠)] > 0

If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0 ∶  𝑋𝑐

ℎ(𝜔𝑟𝑒𝑠)[𝑅𝑐
ℎ(𝜔𝑟𝑒𝑠) + 𝑅𝑔(𝜔𝑟𝑒𝑠)] < 0

 ( 5.22 ) 

In can be shown (see Appendix G) that if the offshore grid is capacitive (i.e. 𝑋𝑔 <

0) and the HVDC converter is inductive (i.e. 𝑋𝑐
ℎ > 0), then 

𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0. On the other 

hand, if the offshore grid is inductive (i.e. 𝑋𝑔 > 0) and the HVDC converter is 

capacitive (i.e. 𝑋𝑐
ℎ < 0), then 

𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0. By considering the previous conditions,          

( 5.22 ) is simplified to: 

𝑅𝑇(𝜔𝑟𝑒𝑠) = 𝑅𝑔(𝜔𝑟𝑒𝑠) + 𝑅𝑐
ℎ(𝜔𝑟𝑒𝑠) > 0 ( 5.23 ) 

where resistance 𝑅𝑇 represents the total damping of the system, resistance 𝑅𝑐
ℎ the 

HVDC converter damping and resistance 𝑅𝑔 the offshore grid damping. 

The condition in ( 5.23 ) is equivalent to the positive-net-damping criterion in [150], 

but evaluated for the series resonances of 𝑍𝑒𝑞
ℎ . Therefore, the offshore HVDC VSC is 

asymptotically stable if the total damping of the system, 𝑅𝑇, is positive in the 

neighbourhood of an electrical series resonance. The advantage of this criterion with 

respect to the passivity approach is that stability can be ensured even if 𝑍𝑔 and 𝑍𝑐
ℎ are 
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not passive because the contribution of both terms in the closed loop system are 

considered. 

It should be noted that if the resistive components of the offshore grid and HVDC 

VSC are large compared to the reactive elements (e.g 𝑋𝑔/𝑅𝑔 < 2 and 𝑋𝑐
ℎ/𝑅𝑐

ℎ < 2), 

the approximations in ( 5.19 ) and ( 5.20 ) are not valid and this criterion cannot be 

used. The resistive component of the medium voltage collector cables is significant 

compared to the reactance. However, it is assumed that the resistive contribution of 

the collector grid is small compared to the rest of the offshore grid, i.e. the high voltage 

export cables and transformers.  

5.4.3 Relation Between Total Damping and Poles of the System 

The HVDC-connected OWPP is a high order system with several poles. However, 

the system response is governed by a dominant poorly-damped pole pair. If this pole 

pair is related to the electrical series resonance, impedances 𝑍𝑔 and 𝑍𝑐
ℎ around this 

resonance can be approximated as: 

𝑍𝑐,𝑟𝑒𝑠
ℎ (𝑠) ≈ 𝑅𝑐

ℎ + 𝑠𝐿𝑐
ℎ;  𝑍𝑔,𝑟𝑒𝑠(𝑠) ≈ 𝑅𝑔 +

1

𝑠𝐶𝑔
 

( 5.24 ) 

where 𝐶𝑔 is the equivalent capacitor of the offshore grid impedance when the 

frequency is close the resonance. Employing ( 5.20 ), the series resonance reduces to 

𝜔𝑟𝑒𝑠 = 1/√𝐿𝑐
ℎ𝐶𝑔. 

The poles related to the series resonance are obtained from 1 + 𝑍𝑐,𝑟𝑒𝑠
ℎ (𝑠)/

𝑍𝑔,𝑟𝑒𝑠(𝑠) = 0, yielding: 

𝑠 =

−(𝑅𝑐
ℎ + 𝑅𝑔)𝐶𝑔 ±√(𝑅𝑐

ℎ + 𝑅𝑔)2𝐶𝑔2 − 4𝐿𝑐
ℎ𝐶𝑔

2𝐿𝑐
ℎ𝐶𝑔

 
( 5.25 ) 

Considering that (𝑅𝑐
ℎ + 𝑅𝑔)

2𝐶𝑔
2 ≪ 4𝐿𝑐

ℎ𝐶𝑔, equation ( 5.25 ) is approximated to: 

𝑠 ≈ −
𝑅𝑐
ℎ + 𝑅𝑔

2𝐿𝑐
ℎ ± 𝑗

1

√𝐿𝑐
ℎ𝐶𝑔

 ( 5.26 ) 
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The imaginary part of the closed loop system poles corresponds to the resonant 

frequency. Also, the real part of the poles is correlated to the total damping, 𝑅𝑐
ℎ + 𝑅𝑔, 

as mentioned in [58]. Therefore, there is a pair of poles that represent the series 

resonance and can be used to identify instabilities. 

5.5 RESONANCE CHARACTERISATION 

In this section, the low frequency series resonances of an OWPP are characterised. 

It is useful to identify harmonic series resonances in an OWPP since they can 

destabilise an offshore HVDC converter. To this end, the frequency response of 

𝑍𝑒𝑞
ℎ (𝑗𝜔) is here used to identify electrical resonances. Due to the complexity of the 

VSC and offshore grid equations, simplifications are used to obtain analytical 

expressions of the resonant frequencies. 

5.5.1 Simplifications of the OWPP impedance model 

Figure 5.5 shows that the frequency response of VSC impedance can be simplified 

to RL equivalents above 100 Hz. The input-impedance of the VSCs is represented in 

an αβ frame (see Figure 5.4). To achieve this, a reference frame transformation from 

dq to αβ is performed using the rotation 𝑠 → 𝑠 − 𝑗𝜔1 [156], [158]. For frequencies 

higher than 𝜔1, the offshore VSC impedance, 𝑍𝑐
ℎ(𝑠 − 𝑗𝜔1), is approximated to: 

𝑅𝑐
ℎ =

𝑅𝑓
ℎ

1 + 𝑘𝑝,𝑣
;  𝐿𝑐

ℎ =
𝐿𝑓
ℎ

1 + 𝑘𝑝,𝑣
 

( 5.27 ) 

Similarly, the WT VSC impedance, 𝑍𝑐
𝑤(𝑠 − 𝑗𝜔1) = 1/𝑌𝑐

𝑤(𝑠 − 𝑗𝜔1), is 

approximated to: 

𝑅𝑐
𝑤 = 𝑅𝑓

𝑤 + (𝛼𝑓 + 𝛼𝑐)𝐿𝑓
𝑤;  𝐿𝑐

𝑤 = 𝐿𝑓
𝑤 ( 5.28 ) 

The previous simplifications do not consider the VSCs as active elements since 𝑅𝑐
ℎ 

and 𝑅𝑐
𝑤 are positive for all frequencies. 
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(a) Offshore HVDC VSC 

 

(b) WT grid side VSC 

Figure 5.5: Frequency response with and without simplifications (parameters in Appendix 

H with 𝑘𝑝,𝑣 = 1, 𝑘𝑖,𝑣 = 500). 

Figure 5.6 shows the equivalent model of the HVDC-connected OWPP with the 

simplified VSC and cable models. The capacitor 𝐶𝑒𝑐 represents the export cable 

capacitance. The inductive and resistive components of the export cable are small 

enough to be combined with the RL equivalent of the transformers and the HVDC 

converter. Also, the collector cables are removed because their equivalent inductance 

and capacitance are small and only affect the response at high frequencies, which are 

not considered in this study. 

When collector cables are removed, the aggregation of WTs is reduced to a 

combination of parallel circuits independent to the collector system topology. Figure 

5.7 shows the OWPP model under this scenario, which is equivalent to the model in 

Figure 5.4. The parameters of the aggregated model are defined as follows: 

• 𝑅𝑡𝑟
𝑐𝑠 and 𝐿𝑡𝑟

𝑐𝑠  are the RL values of the collector transformers. 

• 𝑅𝑡𝑟,𝑎
𝑤  and 𝐿𝑡𝑟,𝑎

𝑤 are the RL values of the aggregated WT transformers: 

𝑅𝑡𝑟,𝑎
𝑤 = 𝑅𝑡𝑟

𝑤/𝑁; 𝐿𝑡𝑟,𝑎
𝑤 = 𝐿𝑡𝑟

𝑤 /𝑁 ( 5.29 ) 

where N is the number of WTs and 𝑅𝑡𝑟
𝑤  and 𝐿𝑡𝑟

𝑤  are the RL values of one WT 

transformer. 

• 𝑅𝑐,𝑎
𝑤  and 𝐿𝑐,𝑎

𝑤  are the RL values of the aggregated WT converters: 

𝑅𝑐,𝑎
𝑤 = 𝑅𝑐

𝑤/𝑁; 𝐿𝑐,𝑎
𝑤 = 𝐿𝑐

𝑤/𝑁 ( 5.30 ) 

• 𝐶𝑓,𝑎
𝑤  is the equivalent capacitance of the aggregated WT low pass filters: 
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𝐶𝑓,𝑎
𝑤 = 𝐶𝑓

𝑤 ∙ 𝑁 ( 5.31 ) 

where 𝐶𝑓
𝑤 is the capacitance of one WT low pass filter. 

 

Figure 5.6: Impedance-based model of an HVDC-connected OWPP with simplified VSC 

and cable models (indicated in grey rectangles) 

 

Figure 5.7: Impedance-based model of an HVDC-connected OWPP with aggregation of 

collector system 

Figure 5.8 shows the frequency response of 𝑍𝑒𝑞
ℎ  with and without simplifications to 

VSC and cable models. In Figure 5.8a it can be observed that if VSC simplifications 

are made the 50 Hz resonance of the converter control is not exhibited; however, the 

frequency response agrees well with that of the un-simplified 𝑍𝑒𝑞
ℎ  over 200 Hz and up 

to 1 kHz. Additionally, the simplification of the collector cables represent the 

resonances for frequencies up to 1000 Hz and slightly shifts the series resonance from 

459 Hz to 497 Hz as shown in Figure 5.8b. In light of these results, it can be concluded 

that the simplified frequency response represents a good approximation for harmonic 

resonances in the range of 200 ~ 1000 Hz. 
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(a) OWPP impedance with VSC simplifications 

 

(b) OWPP impedance with cable model simplifications 

 

(c) OWPP impedance with VSC and cable model simplifications 

Figure 5.8: Frequency response of OWPP impedance without and with VSC and cable model 

simplifications (parameters in Appendix H with 𝑘𝑝,𝑣 = 1, 𝑘𝑖,𝑣 = 500). 
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5.5.2 Analytical expression for the series resonant frequency 

The expression of the lowest series resonant frequency of 𝑍𝑒𝑞
ℎ  is obtained for no-

load operation and when WTs are connected. The resistances are neglected as they 

only have a damping effect on resonance (i.e. they barely modify the resonant 

frequency). 

In no-load operation, the WTs are not connected and the contribution of the 

collector system at low frequencies is negligible. Therefore, the OWPP impedance 𝑍𝑒𝑞
ℎ  

in ( 5.17 ) is equivalent to an LC circuit with a resonant frequency: 

𝑓𝑟𝑒𝑠
𝑛𝑙𝑜𝑎𝑑 =

1

2𝜋√𝐿𝑐
ℎ𝐶𝑒𝑐

 
( 5.32 ) 

The lowest series resonant frequency when WTs are connected has been obtained 

following an algebraic calculation from Figure 5.7: 

{
  
 

  
 

𝑓𝑟𝑒𝑠
𝑐𝑜𝑛𝑊𝑇 =

1

2𝜋
√𝑏 − √𝑏

2 − 4𝑎𝑑

2𝑎

𝑎 = 𝐶𝑒𝑐𝐿𝑐,𝑎
𝑤 (𝐿𝑡𝑟

𝑐𝑠 + 𝐿𝑡𝑟,𝑎
𝑤 )𝐿𝑐

ℎ𝐶𝑓,𝑎
𝑤

𝑏 = 𝐶𝑒𝑐𝐿𝑐
ℎ(𝐿𝑐,𝑎

𝑤 + 𝐿𝑡𝑟
𝑐𝑠 + 𝐿𝑡𝑟,𝑎

𝑤 ) + 𝐶𝑓,𝑎
𝑤 𝐿𝑐,𝑎

𝑤 (𝐿𝑐
ℎ + 𝐿𝑡𝑟

𝑐𝑠 + 𝐿𝑡𝑟,𝑎
𝑤 )

𝑑 = 𝐿𝑐
ℎ + 𝐿𝑐,𝑎

𝑤 + 𝐿𝑡𝑟
𝑐𝑠 + 𝐿𝑡𝑟,𝑎

𝑤

 ( 5.33 ) 

Expressions ( 5.32 ) and ( 5.33 ) may be employed to evaluate the total system 

damping and to determine stability at series resonances. 

5.6 VOLTAGE STABILITY ANALYSIS 

The modified positive-net-damping criterion is applied to analyse the impact of 

electrical series resonances in the voltage stability of an HVDC-connected OWPP. The 

effects of the offshore HVDC converter control and the OWPP configuration are 

considered in the study. For completeness, the root locus of the system and time-

domain simulations in PSCAD/EMTDC are used to confirm the results. 

The cable model simplifications considered in the resonance characterisation are 

used in the stability analysis given that the low frequency response is well-represented 

and the damping contribution from the cable resistances can be neglected. However, 

the VSC simplifications in ( 5.27 ) and ( 5.28 ) are not considered, because the 
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converters are not modelled as active elements. The system is analysed in no-load 

operation and when WTs are connected based on the OWPP described in Appendix H. 

5.6.1 No-load operation 

In no-load operation, the positive-net-damping stability criterion only includes the 

damping contribution of the offshore converter, 𝑅𝑐
ℎ, because the export and collector 

cables are passive elements with a small resistance compared to the equivalent 

converter resistance and thus 𝑅𝑔 can be neglected (i.e. 𝑅𝑔 = 0). Therefore, condition 

( 5.23 ) is reduced to 𝑅𝑐
ℎ(𝑗𝜔𝑟𝑒𝑠) > 0, which is equivalent to analysing the passivity of 

the HVDC converter control at resonant frequencies. 

Stability is ensured if the electrical series resonance is located in a frequency region 

with positive resistance. This region is determined using the zero-crossing frequencies 

of 𝑅𝑐
ℎ (i.e. 𝑅𝑐

ℎ(𝜔) = Re{𝑍𝑐
ℎ(𝜔)} = 0) in ( 5.5 ). The two following solutions are 

obtained: 

{
 
 

 
 𝜔𝑐𝑢𝑡1 = 𝜔1 = 2𝜋50

𝜔𝑐𝑢𝑡2 =
𝜔1

1 −
𝑘𝑖,𝑣𝐿𝑓

ℎ

𝑅𝑓
ℎ(1 + 𝑘𝑝,𝑣)

 ( 5.34 ) 

When 𝜔𝑐𝑢𝑡2 < 0, the only zero-crossing frequency considered is 50 Hz and 𝑅𝑐
ℎ is 

negative for 𝜔 > 2𝜋50. Therefore, the converter is always unstable for resonant 

frequencies above 50 Hz. If 𝜔𝑐𝑢𝑡2 > 0, then 𝑅𝑐
ℎ is negative for 2𝜋50 < 𝜔 < 𝜔𝑐𝑢𝑡2 

and positive for 𝜔 > 𝜔𝑐𝑢𝑡2 as shown in Figure 5.9. In this case, the converter is stable 

for frequencies higher than 𝜔𝑐𝑢𝑡2 since the resonance is located in a positive-resistance 

region. Thus, the offshore HVDC converter is stable when 𝑅𝑐
ℎ has two zero-crossing 

frequencies (𝜔𝑐𝑢𝑡2 > 0 and 𝜔𝑟𝑒𝑠 > 𝜔𝑐𝑢𝑡2). The following inequalities are obtained by 

combining ( 5.32 ) and ( 5.34 ): 

{
 

 
𝜔𝑐𝑢𝑡2 > 0 →  𝑅𝑓

ℎ(1 + 𝑘𝑝,𝑣) − 𝑘𝑖,𝑣𝐿𝑓
ℎ > 0

𝜔𝑟𝑒𝑠 > 𝜔𝑐𝑢𝑡2  →  𝑅𝑓
ℎ2(1 + 𝑘𝑝,𝑣)

2
− 2𝑅𝑓

ℎ𝐿𝑓
ℎ(1 + 𝑘𝑝,𝑣)𝑘𝑖,𝑣 −

−𝜔1
2𝑅𝑓

ℎ2𝐿𝑓
ℎ𝐶𝑒𝑐(1 + 𝑘𝑝,𝑣) + 𝑘𝑖,𝑣

2𝐿𝑓
ℎ2 > 0

 ( 5.35 ) 
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Figure 5.9: Zero-crossing frequencies of 𝑅𝑐
ℎ when 𝑘𝑝,𝑣 = 0.01, 𝑘𝑖,𝑣 = 2.5. 

Figure 5.10 shows the stability area [𝑅𝑐
ℎ(𝜔𝑟𝑒𝑠) > 0] defined by ( 5.35 ) as a function 

of the control parameters of the offshore HVDC converter, 𝑘𝑝,𝑣 and 𝑘𝑖,𝑣, and the export 

cable length, 𝑙𝑐𝑏. It is observed that when the cable length increases the stable area is 

reduced. 

 

Figure 5.10: Stable area of offshore HVDC converter in no-load operation as function of 𝑘𝑝,𝑣, 

𝑘𝑖,𝑣 and 𝑙𝑐𝑏 (the stable and unstable examples of Figures 5.12 and 5.13 are marked with 

circles). 

Figure 5.11 shows the root locus of the harmonic resonant poles for parametric 

variations of 𝑘𝑝,𝑣, 𝑘𝑖,𝑣 and 𝑙𝑐𝑏. It should be emphasised that these poles are not 

complex conjugates due to the transformation of the VSC input impedance from a 

synchronous dq to a stationary αβ reference frame, which introduces complex 

components. 
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(a) Cable length variation from 1 

to 100 km (𝑘𝑝,𝑣 = 100, 𝑘𝑖,𝑣 =

2.5). 

 

(b) Variation of 𝑘𝑖,𝑣 from 

1 to 5 (𝑘𝑝,𝑣 = 100, 𝑙𝑐𝑏 =

10 𝑘𝑚). 

 

(c) Variation of 𝑘𝑝,𝑣 from 

0 to 1 (𝑘𝑖,𝑣 = 5, 𝑙𝑐𝑏 =

10 𝑘𝑚). 

Figure 5.11: Root locus of OWPP in no-load operation for variations of export cable length 

and ac voltage control parameters. 

The increase of cable length moves the resonance to lower frequencies since 𝐶𝑒𝑐 

increases. As 𝑘𝑝,𝑣 increases, the resonance shifts to higher frequencies given that 𝐿𝑐
ℎ in 

( 5.27 ) decreases. Changes in 𝑘𝑖,𝑣 do not affect the resonant frequency. The system 

becomes unstable when one of the resonant poles moves to the positive side of the real 

axis; this is equivalent to have a negative damping. It can be observed that the stability 

conditions of the resonant poles agree with the stable areas shown in Figure 5.10. 

Figures 5.12 and 5.13 show examples of stable and unstable cases when 𝑘𝑖,𝑣 is 

modified. The intersection between 𝑍𝑐
ℎ and 𝑍𝑔 (i.e. 1/|𝑀(𝑗𝜔)| = |𝑁(𝑗𝜔)|) 

approximately determines the series resonant frequency, as defined in ( 5.20 ). When 

the system is stable the resonant frequency is located in a positive-resistance region 

of 𝑍𝑐
ℎ, as shown in Figure 5.12a. Also, employing the Nyquist criterion, the Nyquist 

trajectory encircles (−1,0) in anti-clockwise direction and the open loop system does 

not have unstable poles. Therefore, the system is stable as it does not have zeros with 

positive real part. Although the ac voltage control can be designed to ensure stability, 

all the poles have a low damping. This slows down the dynamic response, as shown in 

Figure 5.12c, which is not acceptable for the operation of the offshore converter. 
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(a) Frequency response: 𝑅𝑐
ℎ, 𝑍𝑒𝑞

ℎ , 𝑍𝑐
ℎ , 𝑍𝑔 . 

 

(b) Nyquist curve of 𝑍𝑐
ℎ/𝑍𝑔 

(only positive frequencies) 

 

(c) Instantaneous and RMS voltages at POC. Step change is applied at 1 s. 

Figure 5.12: Stable example in no-load operation with 𝑘𝑝,𝑣 = 0.01, 𝑘𝑖,𝑣 = 2.5 and 𝑙𝑐𝑏 =

10 𝑘𝑚. 

When the system is unstable the resonant frequency is located in the negative-

resistance region of 𝑍𝑐
ℎ, as shown in Figure 5.13a. Following the Nyquist criterion, the 

Nyquist trajectory encircles (−1,0) in clockwise direction and the open loop system 

does not have unstable poles. Therefore, the system is unstable because the total 

number of zeros with positive real part is 1. In Figure 5.13c, the voltage at the POC 

shows oscillations at 296 Hz due to the resonance instability identified in Figure 5.13a. 
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(a) Frequency response: 𝑅𝑐
ℎ, 𝑍𝑒𝑞

ℎ , 𝑍𝑐
ℎ , 𝑍𝑔. 

 

(b) Nyquist curve of 𝑍𝑐
ℎ/𝑍𝑔 

(only positive frequencies) 

 

(c) Instantaneous and RMS voltages at POC. Step change is applied at 1 s. 

Figure 5.13: Unstable example in no-load operation with 𝑘𝑝,𝑣 = 0.01, 𝑘𝑖,𝑣 = 4.6 and 𝑙𝑐𝑏 =

10 𝑘𝑚. 

5.6.2 Connection of Wind Turbines 

In this case the WT converters modify the harmonic resonance location and the total 

damping. The stability conditions are discussed, but the expressions for the zero-

crossing frequencies of 𝑅𝑇 are not obtained analytically due to the complexity of the 

system. 

Figure 5.14 shows the stable area defined by 𝑅𝑇(𝜔𝑟𝑒𝑠) > 0. There is a significant 

increase of the stable region when the WTs are connected. Therefore, the ac control 

parameters can be modified for a larger range of values to improve the dynamic 

response without compromising stability. 
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Figure 5.14: Stable area of offshore HVDC converter as a function of 𝑘𝑝,𝑣 and 𝑘𝑖,𝑣 and the 

number of connected WTs (the stable and unstable examples of Figures 5.16 and 5.17 are 

marked with a circle). 

Figure 5.15 shows the root locus of the harmonic resonant poles for different ac 

voltage control parameters and number of WTs. The connection of WTs improves the 

resonance stability because the associated poles move to the left hand side of the real 

axis and increase the damping of those harmonic frequency modes. This damping 

contribution of the WTs is also mentioned in [19]. The stability conditions of the 

resonant poles agree with the stable area shown in Figure 5.14. Also, the resonance 

moves to higher frequencies when 𝑘𝑝,𝑣 and the number of WTs increases, as shown in 

Figure 5.15b-c. 

 

(a) Variation of 𝑘𝑖,𝑣 from 1 to 

1200 (𝑘𝑝,𝑣 = 0.01, 𝑁 = 80). 

 

(b) Variation of 𝑘𝑝,𝑣 from 

0 to 100 (𝑘𝑖,𝑣 = 2.5, 𝑁 =

80). 

 

(c) Variation of WTs from 

1 to 80 (𝑘𝑝,𝑣 = 1, 𝑘𝑖,𝑣 =

500). 

Figure 5.15: Root locus of OWPP for variations of ac voltage control parameters and number 

of WTs. 

Figures 5.16 - 5.18 describe two situations where the ac voltage control is designed 

to have a fast dynamic response (e.g. 𝑘𝑝,𝑣 = 1 and 𝑘𝑖,𝑣 = 500) and the number of WTs 

decreases from 80 to 24. When all the WTs are connected, the offshore converter is 
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stable because the resonance is located in a positive-resistance region, as shown in 

Figure 5.16a. The converter introduces a negative resistance at the resonant frequency, 

but the total damping is compensated by 𝑅𝑔, as shown in Figure 5.16c. When the 

number of WTs reduces to 24 the offshore converter becomes unstable since the 

resonance lies in the negative-resistance region, as shown in 5.17a. In this case, 𝑅𝑔 

cannot compensate 𝑅𝑐
ℎ, as shown in Figure 5.17c. Also, the Nyquist curve agrees with 

the positive-net-damping criterion in both situations (Figures 5.16b and 5.17b). In 

Figure 5.18 the instantaneous voltages at the POC show oscillations at 449 Hz when 

the number of WTs is reduced at 1 s; this is due to the resonance instability identified 

in Figure 5.17a. 

 

(a) Frequency response of 𝑅𝑐
ℎ + 𝑅𝑔, 𝑍𝑒𝑞

ℎ , 𝑍𝑐
ℎ and 𝑍𝑔. 

 

(b) Nyquist curve of 𝑍𝑐
ℎ/𝑍𝑔 

(only positive frequencies) 

 

(c) Frequency response of 𝑅𝑐
ℎ and 𝑅𝑔. 

Figure 5.16: Stable example when all the WTs are connected (𝑁 = 80), 𝑘𝑝,𝑣 = 1 and 𝑘𝑖,𝑣 =

500. 
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(a) Frequency response of 𝑅𝑐
ℎ + 𝑅𝑔, 𝑍𝑒𝑞

ℎ , 𝑍𝑐
ℎ and 𝑍𝑔. 

 

(b) Nyquist curve of 𝑍𝑐
ℎ/𝑍𝑔 

(only positive frequencies) 

 

(c) Frequency response of 𝑅𝑐
ℎ and 𝑅𝑔. 

Figure 5.17: Unstable example when 24 WTs are connected, 𝑘𝑝,𝑣 = 1 and 𝑘𝑖,𝑣 = 500. 

 

Figure 5.18: Instantaneous and RMS voltages at POC when the number of WTs is reduced 

from 80 to 24 at 1 s. The ac voltage control parameters are 𝑘𝑝,𝑣 = 1 and 𝑘𝑖,𝑣 = 500. 

The variation of connected WTs can be caused by switching configurations during 

commissioning phases or during outages due to maintenance or contingencies [20]. 

The offshore converter does not have information of these events and can only provide 

support based on local measurements. As shown by the previous examples, a sudden 

reduction in the number of WTs should be carried out with care as this can lead to 

instability.  
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5.7 SUMMARY 

This chapter described the impact of harmonic series resonances in the voltage 

stability of an HVDC-connected OWPP. The positive-net-damping criterion was 

reformulated to define the conditions of stability of an HVDC-connected OWPP as a 

function of the ac voltage control parameters of the HVDC converter and the 

configuration of the OWPP. The modified criterion was evaluated for electrical series 

resonances based on the phase margin condition. Expressions of the harmonic 

resonance were derived from simplified VSC and cable models. 

As a result, electrical resonance instabilities were analysed in different operational 

conditions. The stable area of the system, which represents the area of positive 

damping at resonant frequencies, was obtained as function of the PI control parameters 

of the offshore HVDC converter, the export cable length and the number of connected 

WTs. In no-load operation, the risk of detrimental resonance interaction increases 

because the resonance has poor damping and is located at the lowest frequency. The 

system presents resonance instability for high integral gains and low proportional gains 

of the PI controller. The increase of cable length decreases the resonant frequency and 

reduces the stable area. The connection of WTs moves the resonance to higher 

frequencies and increases the total damping. If the HVDC converter control is 

designed to have a fast dynamic response, the converter reduces the total damping at 

the resonant frequency.  
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Chapter 6  

6.Conclusions 

6.1 GENERAL CONCLUSIONS 

VSC-HVDC transmission systems are a cost-effective way to connect OWPPs 

located far from the shore. However, there are still technical challenges that have to be 

addressed before this solution becomes a mature and reliable technology. This thesis 

investigated three key areas related to planning, operation and stability issues in 

HVDC-connected OWPPs. 

6.1.1 Contribution of interlinks between Offshore Wind Power 

Plants 

Current HVDC-connected OWPPs are based on point-to-point links. More complex 

topologies with interlink cables between OWPPs will increase the wind power transfer. 

Interlink cables between the collector platforms and the offshore HVDC converters 

were compared according to power loss reduction and increase of energy availability 

in the transmission system. The following recommendations were concluded to decide 

the location of interlinks: 

• AC interlinks between collector platforms are preferred for short distances 

between OWPPs (range of 40 - 60 km). This is because interlink cables are 

located close to the wind generation point and provide more flexible active 

power sharing between the transmission systems of OWPPs. 

• DC interlinks are preferred for long distances between OWPPs, since ac 

interlinks would require an excessive reactive power compensation that 

would increase the power losses. 

The interlinks were used to exchange active power between the transmission 

systems of the OWPPs, which resulted in an optimal reduction of power losses up to 

10% compared to the case without interlink . This result was comparable to the power 

loss reduction obtained from an optimal dispatch of reactive power and voltage in the 

offshore ac grid. However, the final contribution of the interlinks to exchange active 
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power depends on the wind speed profile in each OWPP and the specifications of the 

transmission system. 

In case of outage, the interlinks were used as alternative supply route, which 

increased the availability of the transmission system. The maximum availability is 

obtained when there is enough power capacity and number of alternative routes to 

transfer all the wind power in case of component failures. Therefore, OWPPs with a 

low wind capacity factor and transmission system and interlinks with high capacity 

provided the maximum availability. Also, dc cables were identified as the most 

sensitive components that affect the availability. 

A cost-benefit analysis was carried out to compare the interlink options. The annual 

savings were mainly from the increase of availability, i.e. reduction of wind power 

curtailment. Also, the results using a dc interlink cable were highly affected by the 

estimated cost of the dc circuit breakers. The minimum interlink capacity was 

calculated to ensure that the power losses were minimised and the wind energy 

availability was maximised for all operational conditions. 

6.1.2 Provision of Inertia Support 

Inertia emulation is one of the most recent ancillary services required from WPPs 

with variable speed WTs. Currently, inertia emulation is still at demonstration stage 

and the requirements must be standardised and agreed between manufacturers and 

system operators.  

Synthetic Inertia and Temporary Overproduction have been defined as two main 

supplementary control strategies to emulate inertia in WTs. These strategies were 

discussed and compared according to implementation and simulation results built in 

MATLAB Simulink. Both strategies provided similar fast frequency containment. 

However, Temporary Overproduction is more robust against frequency measurement 

noise and it complies more with system operators’ requirements. During the provision 

of inertia response not all available wind energy was captured due to a reduction of the 

WT power coefficient. However, it was concluded that the amount of uncaptured wind 

energy was not significant if the maximum power contribution of the WTs is in the 

range defined by manufacturers. After the inertia response provision, the WT recovery 

power caused a second frequency dip. Additional controls at WT level reduced the 

impact of recovery power. Such controls saturate the recovery power and delay the 
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recovery period by limiting the rate of change of power or increasing the 

overproduction time of inertia response. It is recommended to implement inertia 

emulation as a TO with a saturation of the recovery power. 

Emulation of inertia in OWPPs connected through HVDC was demonstrated using 

a Hardware-in-the-loop test rig formed by scaled-down elements of a simulated system 

(WT test rig, VSC test rig and dc network cabinet) and a real time simulator interfaced 

to the rest of the system with a grid simulator. The experimental results had good 

agreement compared to PSCAD simulation results. The frequency coupling between 

onshore and offshore grid did not introduce a significant delay compared to the total 

activation time of inertia emulation. 

6.1.3 Electrical Resonance Instabilities in Offshore Grids 

Converter control interactions with electrical resonances of the offshore ac grid may 

cause instability, since offshore ac grids are islanded systems with poorly damped 

resonances. In agreement with CIGRE Working Groups, harmonic series resonances 

were identified in the range of a few hundred Hz. These resonances interacted with the 

ac voltage control of the offshore HVDC converter leading to system instability.  

An impedance-based representation was used to identify series resonances of the 

offshore ac grid and analyse stability. A reformulation of the positive-net-damping 

criterion was used to define conditions of stability as a function of the ac voltage 

control parameters of the HVDC converter and the configuration of the OWPP. This 

criterion is simple to evaluate and provides a practical approach to the stability 

analysis, because the resonance instability is related to a lack of damping at resonant 

frequencies. In addition, expressions of the harmonic series resonance were obtained 

from simplified impedance-based models of VSCs and cables.  

Stability was analysed in different operational conditions. A stable area of the 

system was obtained as function of ac voltage control parameters, export cable length 

and number of connected WTs. Risk of detrimental resonance interaction increased in 

no-load operation and when a limited number of WTs were connected. This was 

caused by the poor damping exhibited by the series resonance of the offshore grid and 

its location at the lowest frequencies. The design of the ac voltage control to have a 

fast dynamic response moved the HVDC converter operation close to the unstable area 

due to a reduction of the total damping at the resonant frequency. External resistors or 



Chapter 6 Conclusions 

124 

active damping control in the VSCs are recommended to compensate the negative 

damping introduced by the ac voltage control. This will increase the stable area for all 

possible switching operations and will allow a fast dynamic response of the ac voltage 

control.  

6.2 CONTRIBUTIONS 

The contributions of this thesis can be summarised as follows: 

• Comparison of ac and dc interlink cables between OWPPs in terms of power 

losses reduction and increase of energy availability of the transmission 

system. 

• Recommendations on the decision of the interlink location between OWPPs 

and a design procedure to determine the interlink cable capacity. 

• Comparison of inertia emulation strategies for wind turbines in terms of 

control implementation and inertia response performance. 

• Experimental validation of inertia response capability of an OWPP 

connected through an HVDC point-to-point link using a hardware-in-the-

loop test rig. 

• Implementation of impedance-based models of VSCs to characterise 

harmonic resonant frequencies in the offshore ac grid and analyse resonance 

stability. 

• Stability criterion to analyse the effect that control parameters of the 

offshore HVDC converter and OWPP configurations have on the resonance 

stability of the offshore ac grid. 

6.3 FUTURE WORK 

A summary of potential research questions is outlined in this section. 

6.3.1 Optimal Interlinks Between Offshore Wind Power Plants 

Power losses and reliability were analysed separately. An optimal problem to 

determine the interlink capacity and choose the best locations could be implemented 

combining the power loss reduction and increase of availability as energy savings. 

Also, the minimum number of interlinks between OWPPs could be determined to 

ensure N-1 or N-2 contingency conditions as in conventional onshore ac grids. 
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6.3.2 Coordination of Wind Turbines for Inertia Emulation 

Inertia emulation was analysed at WT level and an OWPP was represented as an 

aggregation of a single WT. The wind speed variability modifies significantly the 

provision of inertia emulation at WT level. However, the inertia response from OWPPs 

is smoothed due to the geographical distribution of the WTs [118].  

An OWPP could be represented as a number of WTs with different wind speeds 

according to their location. Therefore, the wind speed variability and the wake effect 

could be included for a more realistic assessment of the inertia response from an 

OWPP. Also, the impact of the recovery power could be limited with a distributed 

recovery strategy that coordinates the recovery activation of the WTs. 

6.3.3 Design of an Active Damping Control 

Instabilities caused by the interaction of converter controls with electrical 

resonances could be limited if an active damping control is implemented in the 

offshore HVDC converter. This active damping control would be a virtual resistance 

that compensates the negative resistance introduced by the ac voltage control of the 

offshore HVDC converter. The virtual resistance would be designed based on no-load 

conditions, since this is the case study with the lowest damping at the electrical 

resonance. 

6.3.4 Application of Positive-net-damping Criterion in Other Case 

Studies and Experimental Validation. 

The reformulation of the positive-net-damping criterion could be employed to 

analyse other resonance instabilities caused by the VSC control, e.g. the interaction of 

outer loops of the VSC control with subsynchronous resonances or supersynchronous 

resonances close to the synchronous frequency. This stability criterion could be also 

used in other applications, e.g. HVDC grids, traction systems or microgrids. In 

addition, an experimental platform with scaled-down VSCs would be necessary to 

validate the stability conditions from the positive-net-damping criterion. 
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Appendix B  

Details of Power Loss and Availability 

Analysis 

This Appendix presents more details of the OPF formulation and the availability 

expressions used for the case study of Chapter 3.  

B.1. OBJECTIVE FUNCTION OF OPF ALGORITHM 

The objective function of this OPF is to minimise power losses of the transmission 

system and the VSCs.  The expression of the objective function is: 

𝑝𝑙𝑜𝑠𝑠𝑒𝑠,𝑇 = 𝑝𝑙𝑜𝑠𝑠,𝑎𝑐_𝑐𝑏 +  𝑝𝑙𝑜𝑠𝑠,𝑑𝑐_𝑐𝑏 + 𝑝𝑙𝑜𝑠𝑠,𝑡𝑟 + 𝑝𝑙𝑜𝑠𝑠,ℎ𝑣𝑑𝑐_𝑐𝑜𝑛𝑣 + 𝑝𝑙𝑜𝑠𝑠,𝑤𝑡_𝑐𝑜𝑛𝑣 

( B.1 ) 

where the subscript 𝑎𝑐_𝑐𝑏 represents ac cables, 𝑑𝑐_𝑐𝑏 represents dc cables, 𝑡𝑟 

represents transformers, ℎ𝑣𝑑𝑐_𝑐𝑜𝑛𝑣 represents HVDC converters and 𝑤𝑡_𝑐𝑜𝑛𝑣 

represents WT converters. 

The power losses of each component can be expressed as follows according to the 

model defined in Figure 3.5: 

𝑝𝑙𝑜𝑠𝑠,𝑎𝑐_𝑐𝑏  = ∑ 𝑖𝑜𝑓𝑓,𝑖−𝑗
2 𝑟𝑜𝑓𝑓,𝑖−𝑗

6

𝑖,𝑗=3

+ ∑ 𝑖𝑜𝑓𝑓,𝑖−𝑗
2 𝑟𝑜𝑓𝑓,𝑖−𝑗

14

𝑖,𝑗=7

 ( B.2 ) 

𝑝𝑙𝑜𝑠𝑠,𝑑𝑐_𝑑𝑏  =  ∑ 𝑖𝑑𝑐,𝑖−𝑗
2 𝑟𝑖−𝑗

4

𝑖,𝑗=1

 ( B.3 ) 

𝑝𝑙𝑜𝑠𝑠,𝑡𝑟  = ∑ 𝑖𝑜𝑓𝑓,𝑖−𝑗
2 𝑟𝑜𝑓𝑓,𝑖−𝑗

4

𝑖,𝑗=1; 𝑖≠3&𝑗≠4

+ ∑ 𝑖𝑜𝑓𝑓,𝑖−𝑗
2 𝑟𝑜𝑓𝑓,𝑖−𝑗

10

𝑖,𝑗=5;  𝑖≠5&𝑗≠6

+ 

+ ∑ 𝑖𝑜𝑓𝑓,𝑖−𝑗
2 𝑟𝑜𝑓𝑓,𝑖−𝑗

18

𝑖,𝑗=11

+ ∑ 𝑖𝑜𝑛,𝑖−𝑗
2 𝑟𝑜𝑛,𝑖−𝑗

4

𝑖,𝑗=1

 

( B.4 ) 
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𝑝𝑙𝑜𝑠𝑠,ℎ𝑣𝑑𝑐_𝑐𝑜𝑛𝑣 = ∑𝑎𝑜𝑛 + 𝑏𝑜𝑛𝑖𝑜𝑛ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖 + 𝑐𝑜𝑛𝑖𝑜𝑛ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖
2

2

𝑖=1

 + 

+∑𝑎𝑜𝑓𝑓 + 𝑏𝑜𝑓𝑓𝑖𝑜𝑓𝑓ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖 + 𝑐𝑜𝑓𝑓𝑖𝑜𝑓𝑓ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖
2

2

𝑖=1

 

( B.5 ) 

𝑝𝑙𝑜𝑠𝑠,𝑤𝑡_𝑐𝑜𝑛𝑣  =  ∑ 𝑎𝑤𝑡 + 𝑏𝑤𝑡𝑖𝑤𝑡,𝑖 + 𝑐𝑤𝑡𝑖𝑤𝑡,𝑖
2

18

𝑖=15

 ( B.6 ) 

B.2. VARIABLES OF OPF ALGORITHM 

The variables used in the OPF according to the model defined in Figure 3.5 are: 

• ac voltage magnitudes and angles in the offshore ac grid, 𝑣𝑜𝑓𝑓,𝑖 and 𝜃𝑜𝑓𝑓,𝑖 

(i=1-18), and the onshore ac grid, 𝑣𝑜𝑛,𝑖 and 𝜃𝑜𝑛,𝑖 (i=1-4) 

• dc voltage magnitudes in the offshore dc grid, 𝑣𝑑𝑐,1 (i=1-4) 

• active an reactive power in the offshore ac grid, 𝑝𝑜𝑓𝑓,𝑖−𝑗 and 𝑞𝑜𝑓𝑓,𝑖−𝑗 (i,j=1-

18), and the onshore ac grid, 𝑝𝑜𝑛,𝑖−𝑗 and 𝑞𝑜𝑛,𝑖−𝑗 (i,j=1-4) 

• active power in the offshore dc grid, 𝑝𝑑𝑐,𝑖−𝑗 (i,j=1-4) 

• active and reactive power output from WT converters, 𝑝𝑤𝑡,𝑖 and 𝑞𝑤𝑡,𝑖 (i=15-

18) 

• active power of offshore and onshore HVDC converters at the ac side,  

𝑝𝑜𝑓𝑓ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖 and 𝑝𝑜𝑛ℎ𝑣𝑑𝑐_𝑎𝑐,𝑖 (i=1,2), and the dc side, 𝑝𝑜𝑓𝑓ℎ𝑣𝑑𝑐_𝑑𝑐,𝑖 (i=3,4) 

and 𝑝𝑜𝑛ℎ𝑣𝑑𝑐_𝑑𝑐,𝑖 (i=1,2).  

• reactive power outputs of offshore and onshore HVDC converters, 

𝑞𝑜𝑓𝑓ℎ𝑣𝑑𝑐,𝑖 and 𝑞𝑜𝑛ℎ𝑣𝑑𝑐,𝑖 (i=1,2) 

The variables are divided in control and state variables. Control variables, which 

are represented with the vector 𝒖, are the variables that can be controlled by the VSCs. 

The control variables in this case study are: 

• ac voltage magnitudes at the Point of Connection (POC) of each offshore 

HVDC converter, 𝑣𝑜𝑓𝑓,3 and 𝑣𝑜𝑓𝑓,4 

• dc voltages at the onshore HVDC converters, 𝑣𝑑𝑐,1 and 𝑣𝑑𝑐,2 

• reactive power supplied by WT grid-side converters, 𝑞𝑤𝑡,15 - 𝑞𝑤𝑡,18 
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• reactive power supplied by offshore HVDC converters, 𝑞𝑜𝑓𝑓ℎ𝑣𝑑𝑐,1 and 

𝑞𝑜𝑓𝑓ℎ𝑣𝑑𝑐,2 

• active power of offshore HVDC converters in the ac side, 𝑝𝑜𝑓𝑓ℎ𝑣𝑑𝑐_𝑎𝑐,1 and 

𝑝𝑜𝑓𝑓ℎ𝑣𝑑𝑐_𝑎𝑐,2 (only when ac interlinks are used) 

• active power of onshore HVDC converters in the dc side, 𝑝𝑜𝑛ℎ𝑣𝑑𝑐_𝑑𝑐,1 and 

𝑝𝑜𝑛ℎ𝑣𝑑𝑐_𝑑𝑐,2 (only when dc interlink is used) 

State variables, which are represented with the vector 𝒙, are the other variables of 

the system.  

B.3. AVAILABILITY EXPRESSIONS 

The availability expressions of S1 - S5 in Figure 3.15b for all states (1 pu, 0.5 pu 

and 0 pu ) are presented depending on the interlink option. It should be noted that the 

equivalent availability of S1 is the same as S3 and the equivalent availability of S2 is 

the same as S4. This is because the two OWPP transmission systems in the case study 

of Chapter 3 are equal. 

B.3.1. AC collector interlink 

The equivalent availabilities of S1 and S3 are: 

𝐴𝑆1,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑆3,1𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑐𝑜𝑙,1𝑝𝑢 ( B.7 ) 

𝐴𝑆1,0.5𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑆3,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑐𝑜𝑙,0.5𝑝𝑢 ( B.8 ) 

𝐴𝑆1,0𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑆3,0𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙 = 1 − 𝐴𝑆1,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 − 𝐴𝑆1,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙  ( B.9 ) 

The equivalent availabilities of S2 and S4 are: 

𝐴𝑆2,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑆4,1𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑒𝑥𝑝_𝑐𝑏,1𝑝𝑢 · 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 · 𝐴𝑡𝑟𝑎𝑛𝑠_𝑐𝑏,1𝑝𝑢 ·

· 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,1𝑝𝑢 

( B.10 ) 

𝐴𝑆2,0.5𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑆4,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙 = 𝐴exp _𝑐𝑏,1𝑝𝑢 · 𝐴𝑡𝑟𝑎𝑛𝑠_𝑐𝑏,1𝑝𝑢(𝐴𝑜𝑛𝐻𝑉𝐷𝐶,0.5𝑝𝑢 ∙ 

∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 + 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,1𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢 + 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,0.5𝑝𝑢 ∙

∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢) 

( B.11 ) 
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𝐴𝑆2,0𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑆4,0𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙 = 1 − 𝐴𝑆2,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 − 𝐴𝑆2,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙  ( B.12 ) 

The equivalent availabilities of S5 are: 

𝐴𝑆5,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 𝐴𝑖𝑛𝑡_𝑐𝑏,1𝑝𝑢 ( B.13 ) 

𝐴𝑆5,0𝑝𝑢
𝑎𝑐_𝑐𝑜𝑙 = 1 − 𝐴𝑆5,1𝑝𝑢

𝑎𝑐_𝑐𝑜𝑙  ( B.14 ) 

B.3.2. AC offshore converter interlink 

The equivalent availabilities of S1 and S3 are: 

𝐴𝑆1,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆3,1𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑐𝑜𝑙,1𝑝𝑢 · 𝐴𝑒𝑥𝑝_𝑐𝑏,1𝑝𝑢 ( B.15 ) 

𝐴𝑆1,0.5𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆3,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑐𝑜𝑙,0.5𝑝𝑢 · 𝐴𝑒𝑥𝑝_𝑐𝑏,1𝑝𝑢 ( B.16 ) 

𝐴𝑆1,0𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆3,0𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 = 1 − 𝐴𝑆1,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 − 𝐴𝑆1,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣  ( B.17 ) 

The equivalent availabilities of S2 and S4 are: 

𝐴𝑆2,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆4,1𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 · 𝐴𝑡𝑟𝑎𝑛𝑠_𝑐𝑏,1𝑝𝑢 · 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,1𝑝𝑢 ( B.18 ) 

𝐴𝑆2,0.5𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆4,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑡𝑟𝑎𝑛𝑠_𝑐𝑏,1𝑝𝑢(𝐴𝑜𝑛𝐻𝑉𝐷𝐶,0.5𝑝𝑢 ∙ 

∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 + 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,1𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢 + 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,0.5𝑝𝑢 ∙

∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢) 

( B.19 ) 

𝐴𝑆2,0𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆4,0𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 = 1 − 𝐴𝑆2,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 − 𝐴𝑆2,0.5𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣  ( B.20 ) 

The equivalent availabilities of S5 are: 

𝐴𝑆5,1𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑖𝑛𝑡_𝑐𝑏,1𝑝𝑢 ( B.21 ) 

𝐴𝑆5,0𝑝𝑢
𝑎𝑐_𝑐𝑜𝑛𝑣 = 1 − 𝐴𝑆5,1𝑝𝑢

𝑎𝑐_𝑐𝑜𝑛𝑣 ( B.22 ) 

B.3.3. DC offshore converter interlink 

The equivalent availabilities of S1 and S3 are: 
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𝐴𝑆1,1𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆3,1𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑒𝑥𝑝_𝑐𝑏,1𝑝𝑢 ∙ 𝐴𝑐𝑜𝑙,1𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢 ( B.23 ) 

𝐴𝑆1,0.5𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆3,0.5𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴exp _𝑐𝑏,1𝑝𝑢(𝐴𝑐𝑜𝑙,0.5𝑝𝑢 ∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,1𝑝𝑢+𝐴𝑐𝑜𝑙,1𝑝𝑢

∙ 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢 + 𝐴𝑐𝑜𝑙,0.5𝑝𝑢 · 𝐴𝑜𝑓𝑓𝐻𝑉𝐷𝐶,0.5𝑝𝑢) 

( B.24 ) 

𝐴𝑆1,0𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆3,0𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 = 1 − 𝐴𝑆1,1𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 − 𝐴𝑆1,0.5𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣  ( B.25 ) 

The equivalent availabilities of S2 and S4 are: 

𝐴𝑆2,1𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆4,1𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑡𝑟𝑎𝑛𝑠_𝑐𝑏,1𝑝𝑢 · 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,1𝑝𝑢 ( B.26 ) 

𝐴𝑆2,0.5𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆4,0.5𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑡𝑟𝑎𝑛𝑠_𝑐𝑏,1𝑝𝑢 · 𝐴𝑜𝑛𝐻𝑉𝐷𝐶,0.5𝑝𝑢 ( B.27 ) 

𝐴𝑆2,0𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑆4,0𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 = 1 − 𝐴𝑆2,1𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 − 𝐴𝑆2,0.5𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣  ( B.28 ) 

The equivalent availabilities of S5 are: 

𝐴𝑆5,1𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 𝐴𝑖𝑛𝑡_𝑐𝑏,1𝑝𝑢 ( B.29 ) 

𝐴𝑆5,0𝑝𝑢
𝑑𝑐_𝑐𝑜𝑛𝑣 = 1 − 𝐴𝑆5,1𝑝𝑢

𝑑𝑐_𝑐𝑜𝑛𝑣 ( B.30 ) 

B.4. OUTAGE COMBINATIONS  

Table B.1 represents all the outage combinations of S1 - S5 in Figure 3.15b, when 

the wind generation is equal to 40% of the OWPP rated power, the transmission system 

capacity of each OWPP is 100% of the OWPP rated power and the interlink cable 

capacity is 50% of the OWPP rated power. 

Table B.1: Outage combinations of S1-S5 and resulting capacity outage. Capacities of S1-S5 

are expressed in per-unit with base power equal to the rated power of an OWPP 

S1 S2 S3 S4 S5 Capacity Outage (%) 

0 0 0.5 0.5 0 50 

0 0 0.5 1 0 50 

0 0 1 0.5 0 50 

0 0 1 1 0 50 

0 0.5 0.5 0.5 0 50 

0 0.5 0.5 1 0 50 
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0 0.5 1 0.5 0 50 

0 0.5 1 1 0 50 

0 1 0.5 0.5 0 50 

0 1 0.5 1 0 50 

0 1 1 0.5 0 50 

0 1 1 1 0 50 

0.5 0 0.5 0.5 0 50 

0.5 0 0.5 1 0 50 

0.5 0 1 0.5 0 50 

0.5 0 1 1 0 50 

0.5 0.5 0 0 0 50 

0.5 0.5 0 0.5 0 50 

0.5 0.5 0 1 0 50 

0.5 0.5 0.5 0 0 50 

0.5 0.5 0.5 0.5 0 0 

0.5 0.5 0.5 1 0 0 

0.5 0.5 1 0 0 50 

0.5 0.5 1 0.5 0 0 

0.5 0.5 1 1 0 0 

0.5 1 0 0 0 50 

0.5 1 0 0.5 0 50 

0.5 1 0 1 0 50 

0.5 1 0.5 0 0 50 

0.5 1 0.5 0.5 0 0 

0.5 1 0.5 1 0 0 

0.5 1 1 0 0 50 

0.5 1 1 0.5 0 0 

0.5 1 1 1 0 0 

1 0 0.5 0.5 0 50 

1 0 0.5 1 0 50 

1 0 1 0.5 0 50 

1 0 1 1 0 50 

1 0.5 0 0 0 50 

1 0.5 0 0.5 0 50 

1 0.5 0 1 0 50 

1 0.5 0.5 0 0 50 

1 0.5 0.5 0.5 0 0 

1 0.5 0.5 1 0 0 

1 0.5 1 0 0 50 

1 0.5 1 0.5 0 0 

1 0.5 1 1 0 0 
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1 1 0 0 0 50 

1 1 0 0.5 0 50 

1 1 0 1 0 50 

1 1 0.5 0 0 50 

1 1 0.5 0.5 0 0 

1 1 0.5 1 0 0 

1 1 1 0 0 50 

1 1 1 0.5 0 0 

1 1 1 1 0 0 

0 0 0.5 0.5 1 50 

0 0 0.5 1 1 50 

0 0 1 0.5 1 50 

0 0 1 1 1 50 

0 0.5 0.5 0 1 50 

0 0.5 0.5 0.5 1 50 

0 0.5 0.5 1 1 50 

0 0.5 1 0 1 50 

0 0.5 1 0.5 1 50 

0 0.5 1 1 1 50 

0 1 0.5 0 1 50 

0 1 0.5 0.5 1 50 

0 1 0.5 1 1 50 

0 1 1 0 1 50 

0 1 1 0.5 1 50 

0 1 1 1 1 50 

0.5 0 0 0.5 1 50 

0.5 0 0 1 1 50 

0.5 0 0.5 0.5 1 37.5 

0.5 0 0.5 1 1 0 

0.5 0 1 0.5 1 37.5 

0.5 0 1 1 1 0 

0.5 0.5 0 0 1 50 

0.5 0.5 0 0.5 1 50 

0.5 0.5 0 1 1 50 

0.5 0.5 0.5 0 1 37.5 

0.5 0.5 0.5 0.5 1 0 

0.5 0.5 0.5 1 1 0 

0.5 0.5 1 0 1 37.5 

0.5 0.5 1 0.5 1 0 

0.5 0.5 1 1 1 0 

0.5 1 0 0 1 50 
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0.5 1 0 0.5 1 50 

0.5 1 0 1 1 50 

0.5 1 0.5 0 1 0 

0.5 1 0.5 0.5 1 0 

0.5 1 0.5 1 1 0 

0.5 1 1 0 1 0 

0.5 1 1 0.5 1 0 

0.5 1 1 1 1 0 

1 0 0 0.5 1 50 

1 0 0 1 1 50 

1 0 0.5 0.5 1 37.5 

1 0 0.5 1 1 0 

1 0 1 0.5 1 37.5 

1 0 1 1 1 0 

1 0.5 0 0 1 50 

1 0.5 0 0.5 1 50 

1 0.5 0 1 1 50 

1 0.5 0.5 0 1 37.5 

1 0.5 0.5 0.5 1 0 

1 0.5 0.5 1 1 0 

1 0.5 1 0 1 37.5 

1 0.5 1 0.5 1 0 

1 0.5 1 1 1 0 

1 1 0 0 1 50 

1 1 0 0.5 1 50 

1 1 0 1 1 50 

1 1 0.5 0 1 0 

1 1 0.5 0.5 1 0 

1 1 0.5 1 1 0 

1 1 1 0 1 0 

1 1 1 0.5 1 0 

1 1 1 1 1 0 
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Appendix C  

Modelling and Control of Wind Turbine 

with Permanent Magnet Synchronous 

Generator 

The WT model used in Chapter 4 is based on a PMSG with FRC. This Appendix 

presents the WT aerodynamic and mechanical model, the PMSG model and the back-

to-back converter control. 

C.1. AERODYNAMIC AND MECHANICAL MODEL 

The WT aerodynamic model provides the power generation, which is equal to: 

𝑃𝑚 =
1

2
𝜌𝑎𝐴𝑣𝑤

3𝑐𝑝(𝜆, 𝛽) ( C.1 ) 

where 𝜌𝑎 is the air density, 𝐴 is the WT swept area, 𝑣𝑤 is the wind speed, 𝑐𝑝 is the 

power coefficient, 𝜆 is the tip-speed ratio and 𝛽 is the pitch angle. The power 

coefficient is expressed as in [160]: 

𝑐𝑝(𝜆, 𝛽) = 𝑐1 (
𝑐2
Λ
− 𝑐3𝛽 − 𝑐4) exp (−

𝑐5
Λ
) + 𝑐6𝜆 ( C.2 ) 

1

Λ
=

1

𝜆 + 0.08𝛽
−
0.035

𝛽3 + 1
 

( C.3 ) 

where 𝑐1 − 𝑐6 are the coefficients of the model. 

The WT mechanical dynamics are represented with a single-mass model, which is 

expressed as: 

𝐽𝑤𝑡
𝑑𝜔𝑟
𝑑𝑡

= 𝑇𝑚 − 𝑟𝑔𝑇𝑒 ( C.4 ) 

where 𝐽𝑤𝑡 is the WT equivalent inertia, 𝜔𝑟 is the rotor speed, 𝑇𝑚 is the mechanical 

torque, 𝑟𝑔 is the gear ratio and 𝑇𝑒 is the electrical torque.  
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C.2. GENERATOR MODEL 

The PMSG model is represented with the following voltage and flux equations: 

𝐯𝐬
𝐚𝐛𝐜 = 𝑟𝑠𝐢𝐬

𝐚𝐛𝐜 +
𝑑

𝑑𝑡
𝛌𝐬
𝐚𝐛𝐜 ( C.5 ) 

𝛌𝐬
𝐚𝐛𝐜 = 𝐿𝑠𝐢𝐬

𝐚𝐛𝐜 + λm ( C.6 ) 

where 𝐯𝐬
𝐚𝐛𝐜 and 𝐢𝐬

𝐚𝐛𝐜 are the voltages and currents in the stator windings, 𝑟𝑠 and 𝐿𝑠 are 

the resistance and inductance associated with the stator windings, 𝛌𝐬
𝐚𝐛𝐜 is the magnetic 

flux in the stator and 𝛌𝐦 is the magnetic flux of the permanent magnet. 

The dynamic model is usually represented in a synchronous dq frame considering 

the rotor speed, 𝜔𝑟, as a reference for the Park transformation: 

{
𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 +

𝑑𝜆𝑞𝑠

𝑑𝑡
+ 𝜆𝑞𝑠𝜔𝑟

𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 +
𝑑𝜆𝑑𝑠
𝑑𝑡

+ 𝜆𝑑𝑠𝜔𝑟 

 ( C.7 ) 

{
𝜆𝑞𝑠 = 𝐿𝑞𝑖𝑞𝑠

𝜆𝑑𝑠 = 𝐿𝑑𝑖𝑑𝑠 + 𝜆𝑚
 

( C.8 ) 

where 𝐿𝑞 and 𝐿𝑑 are the inductances associated with d and q axis. The elements related 

to the homopolar axis have been neglected assuming a symmetric and balanced three-

phase system.  Combining ( C.9 ) and ( C.10 ): 

{
𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 + 𝐿𝑞

𝑑𝑖𝑞𝑠

𝑑𝑡
+ 𝜔𝑟𝐿𝑑𝑖𝑑𝑠 + 𝜔𝑟𝜆𝑚

𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 + 𝐿𝑑
𝑑𝑖𝑑𝑠
𝑑𝑡

+ 𝜔𝑟𝐿𝑞𝑖𝑞𝑠 

 ( C.9 ) 

𝑇𝑚 =
3

2
𝑝(𝜆𝑚𝑖𝑞𝑠 + (𝐿𝑑 − 𝐿𝑞)𝑖𝑞𝑠𝑖𝑠𝑑) 

( C.10 ) 

where 𝑝 is the number of pole pairs. It is observed that whether 𝑖𝑠𝑑 = 0 or the machine 

has surface mounted magnets (𝐿𝑑 = 𝐿𝑞), the torque will have a direct relationship 

with 𝑖𝑞𝑠. More details about the modelling can be found in [161]. 
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C.3. BACK-TO-BACK CONTROL 

A back-to-back converter controls the PMSG. The generator-side VSC is 

responsible for controlling the mechanical torque or power transmitted by the PMSG. 

Figure C.1 shows the control structure of the generator-side VSC, which is based on a 

current loop. The reference torque is obtained from an optimum wind power extraction 

and the reference d current is equal to zero. 

 

Figure C.1: Control structure of generator-side VSC. 

The grid-side VSC is responsible for regulating the dc voltage of the back-to-back 

converter. Figure C.2 shows the control structure of the grid-side VSC, which is based 

on two cascaded control loops: an outer loop with a dc voltage control and an inner 

loop with a current control.   

 

Figure C.2: Control structure of grid-side VSC. 
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Appendix D  

Low Order System Frequency Response 

Model 

The frequency response of an ac system can be modelled with a low order system 

described in [162].  Figure D.1 shows the diagram of the low order system model, 

where the power imbalance and the contribution from an OWPP are included as 

injections of power. 

 

Figure D.1: Block diagram of low order system frequency response model. 

This model represents the frequency response of a power system with conventional 

synchronous generators. The power system is modelled as a first order transfer 

function with an equivalent inertia, 𝐻𝑒𝑞, and damping, 𝐷, also called self-load 

regulation effect of a power system. The synchronous generators are represented as 

reheat steam turbine units with governor. The dynamic response of a reheat steam 

turbine is modelled with a lead-lag compensator with times constants 𝑇1 and 𝑇2 and a 

first order system with mechanical time constant, 𝑇𝑇. The governor is represented with 

a droop gain, 1/𝑅𝑒𝑞 and an actuator modelled as a first order system with time 

constant, 𝑇𝐺.  
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Appendix E  

Specifications of Experimental Test Rig 

Tables E.1 - E.5 show the details of the experimental test rig used in Chapter 4. 

 Table E.1: Specifications of wind turbine test rig 

Device Specifications 
Equipment 

rating 

Operating 

rating 

Voltage Source 

Converters (2 units) 

Topology 
Two-level, three-phase without 

neutral wire, IGBT switcher 

Manufacturer CINERGIA 

Rated power 10 kW 700 W 

Rated ac voltage 415 V 100 V 

Rated dc voltage 800 V 300 V 

DC capacitors 1020 µF 

Coupling inductor 3.5 mH 

Motor-generator unit 

Topology 
Permanent Magnet Synchronous 

Machines 

Manufacturer  Emerson 

Rated power 1.2 kW 700 W 

Rated speed 3000 rpm 2050 rpm 

Rated ac voltage 400 V 100 V 

Pole number 6 

Embedded computer 

(dSPACE) 
DS1005 

Unidrive inverter Control Technique SP2403 
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Table E.2: Specifications of VSC test rig 

Device Specifications 
Equipment 

rating 

Operating 

rating 

Voltage Source 

Converters (3 units) 

Topology 
Two-level, three-phase without 

neutral wire, IGBT switcher 

Manufacturer CINERGIA 

Rated power 10 kW 2 kW 

Rated ac voltage 415 V 140 V 

Rated dc voltage 800 V 250 V 

DC capacitors 1020 µF 

Coupling inductor 2.2 mH 

Embedded computer 

(dSPACE) 
DS1005 

 

Table E.3: Specifications of dc network cabinet 

Element Description 

DC inductors 3 pairs of 2.4 mH, 2 pairs of 3.4 mH and 1 pair of 9.4 mH 

DC capacitors 8 units of 4.7 µF 

DC cables as 

distributed π sections 

Several combinations of π sections with 30 inductors of 0.5 

mH and 38 capacitors of 200 µF 

Current flow 

controller 
Two IGBT-controlled variable resistors 

DC short-circuit 

generator 

Shunt branch with diode in parallel that is connected 

through an IGBT. The rated current is 30 A. 
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Table E.4: Specifications of real time simulator 

Specifications Description 

Manufacturer RTDS technologies 

Racks 2 units 

Cards 
1 GTWIF. 4 GPC (2 IBM PPC750GX 1 GHz), 1 GTIRC, 1 

GTDI, 1 GTDO, 1 GTAI, 1 GTAO, 1 GTNET. 

 

Table E.5: Specifications of grid simulator 

Specifications Description 

Manufacturer Spitzenberger 

Topology 4-quadrant amplifier 

Rated power 1 kVA (continuos); 2 kVA (short-time) 

Rated ac voltage 270 V 

Rated dc voltage ±382 V 

Input signals 

Voltage limits  ±5 V 

Impedance  ≈ 8 kΩ 

Slew rate > 52 V/µs 

Power supply  230 V 

Protection 16 A 
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Appendix F  

Complex Transfer Functions 

In this Appendix, complex transfer functions are presented to model three-phase 

dynamic systems, e.g. grid-connected VSCs. This representation was employed in 

Chapter 5 to obtain an impedance-based model of an HVDC-connected OWPP. 

Complex transfer functions are used to model symmetric systems. Balanced three-

phase systems are symmetric, e.g. RLC components or transformers [163]. The 

dynamics of VSCs are represented as a symmetric system if the converter control only 

includes an inner loop. 

Three-phase quantities in a stationary abc frame can be expressed as equivalent 

two-phase quantities in a stationary αβ frame or a synchronous dq frame. Such two-

phase quantities are called space vectors. Complex space vectors are the representation 

of space vectors with a complex number, where the real and imaginary parts are the 

components of the vector. The complex space vector associated to a three-phase 

variable {𝑢𝑎, 𝑢𝑏 , 𝑢𝑐} is expressed in a stationary αβ frame as: 

𝐮𝐬 = 𝑢𝛼 + 𝑗𝑢𝛽 =
2

3
(𝑢𝑎 + 𝑒

𝑗2𝜋/3𝑢𝑏 + 𝑒
−𝑗2𝜋/3𝑢𝑐) ( F.1 ) 

where the scaling constant is chosen as 2/3 to keep the same peak value in both frames. 

The same complex space vector in a synchronous dq frame is expressed as: 

𝐮 = 𝑢𝑑 + 𝑗𝑢𝑞 = 𝑒
−𝑗𝜔1𝑡𝐮𝐬 ( F.2 ) 

where 𝜔1 is the fundamental frequency of the three-phase variable. It is observed that 

the dq transformation is a translation of the frequency response as 𝜔 → 𝜔 − 𝜔1. 

A linear continuous-time system with input signal 𝑢 and output signal 𝑦 is 

expressed in the Laplace s domain as: 

𝑦 = 𝐺(𝑠)𝑢 ( F.3 ) 
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where 𝐺(𝑠) is the transfer function. If the signals are represented as space vectors in 

dq frame, the input and output signals are denoted as 𝑢 = [𝑢𝑑 , 𝑢𝑞] and 𝑦 = [𝑦𝑑 , 𝑦𝑞] 

and 𝐺(𝑠) is a transfer matrix equal to: 

𝐺(𝑠) = [
𝐺𝑑𝑑(𝑠) 𝐺𝑞𝑑(𝑠)

𝐺𝑑𝑞(𝑠) 𝐺𝑞𝑞(𝑠)
] ( F.4 ) 

When 𝐺𝑑𝑑(𝑠) = 𝐺𝑞𝑞(𝑠) = 𝐺𝑑(𝑠) and 𝐺𝑑𝑞(𝑠) = −𝐺𝑞𝑑(𝑠) = 𝐺𝑞(𝑠), 𝐺(𝑠) in ( F.4 ) 

is expressed as: 

𝐺(𝑠) = [
𝐺𝑑(𝑠) −𝐺𝑞(𝑠)

𝐺𝑞(𝑠) 𝐺𝑑(𝑠)
] ( F.5 ) 

The relationship between input and output signals using complex space vectors is 

the same as using space vectors in ( F.3 ), but denoted with boldface letters: 

𝐲 = 𝐆(𝑠)𝐮 ( F.6 ) 

where 𝐆(𝑠) = 𝐺𝑑(𝑠) + 𝑗𝐺𝑞(𝑠) is the complex transfer function. It can be observed that 

the transfer matrix 𝐺(𝑠) represents a symmetric system, but for convenience with the 

complex number notation of 𝐆(𝑠), the component (1,2) is negative.  

The relationship between input and output signals in ( F.6 ) can be expressed in 

stationary αβ frame if the complex transfer function in dq frame introduces a rotation 

such that 𝑠 → 𝑠 − 𝑗𝜔1: 

𝐲𝐬 = 𝐆(𝑠 − 𝑗𝜔1)𝐮
𝐬 = 𝐆𝐬(𝑠)𝐮𝐬 ( F.7 ) 
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Appendix G  

Demonstration of Positive-net-Damping 

Stability Criteria 

This Appendix presents a detailed demonstration of the positive-net-damping 

criterion proposed in [150] and the alternative positive-net-damping criterion 

presented in Chapter 5. 

G.1. IMPEDANCE-BASED MODELS 

The positive-net-damping criteria analyse a system represented with an impedance-

based model. The system under study is divided into a source and a load subsystem. 

The source is modelled as a Thévenin or Norton equivalent circuit. The load subsystem 

is represented by an impedance or another Thévenin or Norton equivalent. Figure G.1 

shows the equivalent impedance-based circuits when the load subsystem is an 

impedance. The impedances, currents and voltages are expressed in the stationary αβ 

frame and the Laplace s-domain. 

  

(a) Source as Thévenin equivalent (b) Source as Norton equivalent 

Figure G.1: Equivalent impedance-based circuit with load subsystem as an impedance. 

If the source is a Thévenin equivalent, the current flowing from the source to the 

load in Figure G.1a is equal to: 

𝐢𝐬 =
𝐯𝐬
𝐬

𝑍𝑙 + 𝑍𝑠
= 𝐯𝐬

𝐬
1/𝑍𝑙

1 + 𝑍𝑠/𝑍𝑙

⏞      
𝑇𝑣

 
( G.1 ) 

where 𝑇𝑣 is the closed loop transfer function, which can be also expressed as: 
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𝑇𝑣(𝑠) =
𝑀(𝑠)

1 + 𝑀(𝑠)𝑁(𝑠)
=

𝑀(𝑠)

1 + 𝐿(𝑠)
 ( G.2 ) 

where 𝑀(𝑠) = 1/𝑍𝑙 is the open loop transfer function, 𝑁(𝑠) = 𝑍𝑠 is the feedback 

transfer function and 𝐿(𝑠) is the loop transfer function. The stability can be analysed 

from the loop transfer function, which represents the ratio of impedances 𝑍𝑠/𝑍𝑙.  

If the source is a Norton equivalent, the voltage at the load connection point in 

Figure G.1b is equal to: 

𝐯𝐬 =
𝐢𝐬
𝐬

𝑌𝑙 + 𝑌𝑠
= 𝐢𝐬

𝐬
1/𝑌𝑙

1 + 𝑌𝑠/𝑌𝑙

⏞      
𝑇𝑖

 
( G.3 ) 

where 𝑇𝑖 is the closed loop transfer function. In this case, the stability can be analysed 

from the ratio of admittances 𝑌𝑠/𝑌𝑙. 

If the load subsystem is represented as a Thévenin or Norton equivalent circuit, the 

ratio of impedances or admittances is also valid to analyse stability. As an example, 

Figure G.2 shows the impedance-based circuits when the source is a Thévenin 

equivalent and the load subsystem is a Thévenin or Norton equivalent.  

  

(a) Load as Thévenin equivalent (b) Load as Norton equivalent 

Figure G.2: Equivalent impedance-based circuit with source as a Thévenin equivalent and 

load as Thévenin or Norton equivalents. 

The currents flowing from the source to the load are: 

𝐢𝐓𝐡𝐞𝐯
𝐬 = (𝐯𝐬

𝐬 − 𝐯𝐥
𝐬)

1/𝑍𝑙
1 + 𝑍𝑠/𝑍𝑙

⏞      

𝑇𝑣,𝑇ℎ𝑒𝑣

 
( G.4 ) 

𝐢𝐍𝐨𝐫𝐭
𝐬 = (𝐯𝐬

𝐬 − 𝑍𝑙𝐢𝐥
𝐬)

1/𝑍𝑙
1 + 𝑍𝑠/𝑍𝑙

⏞      

𝑇𝑣,𝑁𝑜𝑟𝑡

 
( G.5 ) 
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where the close loop transfer functions, 𝑇𝑣,𝑇ℎ𝑒𝑣 and 𝑇𝑣,𝑁𝑜𝑟𝑡, are the same as in ( G.1 ), 

i.e. 𝑇𝑣  = 𝑇𝑣,𝑇ℎ𝑒𝑣 = 𝑇𝑣,𝑁𝑜𝑟𝑡. 

G.2. POSITIVE-NET-DAMPING STABILITY CRITERIA  

The positive-net-damping criteria are based on the evaluation of the total damping, 

i.e. the damping of the source and the load subsystems, at specific frequencies that 

depend on the criterion definition. In this section, the positive-net-damping stability 

criteria are demonstrated considering an impedance-based model with a source 

represented as a Thévenin equivalent, but the same conclusions are valid if the source 

is a Norton equivalent. 

The positive-net-damping criteria are derived from applying the Nyquist criterion 

to the ratio of impedances. Considering that 𝑀(𝑠) and 𝑁(𝑠) are stable, the closed loop 

system 𝑇𝑣 in ( G.1 ), ( G.4 ) and ( G.5 ) is asymptotically stable if the Nyquist trajectory 

of the loop transfer function 𝐿(𝑠) = 𝑀(𝑠)𝑁(𝑠) = 𝑍𝑠/𝑍𝑙 does not encircle (−1,0) in 

clockwise direction. The positive-net-damping criterion presented in [150] is 

demonstrated from the evaluation of the gain margin condition in the Nyquist 

trajectory. The alternative approach of the positive-net-damping criterion presented in 

Chapter 5 is based on the evaluation of the phase margin condition. Figure G.3 shows 

a representation of the gain and phase margin conditions in the Nyquist trajectory when 

the system is stable and unstable. 

 

Figure G.3: Nyquist trajectories for stable and unstable systems. 

G.2.1. Positive-net-damping Criterion from the Gain Margin 

This criterion states that a closed loop system is stable if the total damping of the 

system is positive at the following frequencies: (i) open loop resonant frequencies and 
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(ii) low frequencies where the loop gain is greater than 1 [150]. If stability is evaluated 

in terms of the gain margin, 𝐿(𝑗𝜔) = 𝑀(𝑗𝜔)𝑁(𝑗𝜔) must satisfy the following 

conditions at angular frequency 𝜔: 

Im{𝑀(𝑗𝜔)𝑁(𝑗𝜔)} = 0, ( G.6 ) 

𝑀(𝑗𝜔)𝑁(𝑗𝜔) > −1 ( G.7 ) 

where 𝑀(𝑗𝜔) and 𝑁(𝑗𝜔) in ( 5.13 ) and ( 5.14 ) can be expressed in terms of equivalent 

impedances as: 

1

𝑀(𝑗𝜔)
= 𝑍𝑙(𝑗𝜔) = 𝑅𝑙(𝜔) + 𝑗𝑋𝑙(𝜔) 

( G.8 ) 

𝑁(𝑗𝜔) = 𝑍𝑠(𝑗𝜔) = 𝑅𝑠(𝜔) + 𝑗𝑋𝑠(𝜔) ( G.9 ) 

Combining ( G.8 ) and ( G.9 ) with 𝐿(𝑗𝜔): 

𝐿(𝑗𝜔) = 𝑀(𝑗𝜔)𝑁(𝑗𝜔) =
𝑅𝑠(𝜔) + 𝑗𝑋𝑠(𝜔)

𝑅𝑙(𝜔) + 𝑗𝑋𝑙(𝜔)
=  

=
𝑅𝑠(𝜔)𝑅𝑙(𝜔) + 𝑋𝑠(𝜔)𝑋𝑙(𝜔)

𝑅𝑙
2(𝜔) + 𝑋𝑙

2(𝜔)
+ 𝑗

𝑅𝑙(𝜔)𝑋𝑠(𝜔) − 𝑅𝑠(𝜔)𝑋𝑙(𝜔)

𝑅𝑙
2(𝜔) + 𝑋𝑙

2(𝜔)
 

( G.10 ) 

If gain margin condition ( 5.13 ) is applied to ( G.10 ) the following condition is 

obtained: 

𝑅𝑙(𝜔)𝑋𝑠(𝜔) − 𝑅𝑠(𝜔)𝑋𝑙(𝜔)

𝑅𝑙
2(𝜔) + 𝑋𝑙

2(𝜔)
= 0 →

𝑅𝑠(𝜔)

𝑅𝑙(𝜔)
=
𝑋𝑠(𝜔)

𝑋𝑙(𝜔)
  ( G.11 ) 

Substituting ( G.11 ) into ( G.10 ) gives, 

𝐿(𝑗𝜔) =
𝑅𝑠(𝜔)

𝑅𝑙(𝜔)
 ( G.12 ) 

If gain margin condition ( 5.14 ) is combined with ( G.12 ), the following condition 

is obtained: 

𝑅𝑠(𝜔)

𝑅𝑙(𝜔)
> −1 → 𝑅𝑠(𝜔) + 𝑅𝑙(𝜔) > 0 ( G.13 ) 
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This condition defines the theorem proposed in [150], which states that a system is 

stable if the total damping (or in this case resistance) is positive for angular frequencies 

where Im{𝑀(𝑗𝜔)𝑁(𝑗𝜔)} = 0, i.e  frequencies where the Nyquist trajectory intersects 

the real axis. These frequencies correspond to resonances in the loop gain 

|𝑀(𝑗𝜔)𝑁(𝑗𝜔)|. Due to the complexity to calculate the frequencies where the Nyquist 

trajectory intersects the real axis, the positive-net-damping stability criterion was 

derived from the theorem in [150]. This criterion evaluates the total damping at open 

loop resonances, which approximately correspond to loop resonant frequencies. Also, 

low frequencies where the loop gain is greater than 1 must be evaluated since it is a 

strong indication of instability [150]. The demonstration of this criterion is equivalent 

for sources modelled as a Norton circuit, but  𝑀(𝑗𝜔) and 𝑁(𝑗𝜔) are represented as 

admittances. 

G.2.2. Positive-net-damping Criterion from the Phase Margin 

This criterion states that a closed loop system is stable if the total damping of the 

system is positive at closed loop resonant frequencies. If stability is evaluated in terms 

of the phase margin, 𝐿(𝑗𝜔) = 𝑀(𝑗𝜔)𝑁(𝑗𝜔) must satisfy the following conditions at 

angular frequency 𝜔: 

|𝑀(𝑗𝜔)𝑁(𝑗𝜔)| = 1 ( G.14 ) 

−𝜋 ≤ arg{𝑀(𝑗𝜔)𝑁(𝑗𝜔)} ≤ −𝜋  ( G.15 ) 

where 𝑀(𝑗𝜔) and 𝑁(𝑗𝜔) are defined as in the previous section. 

The loop gain |𝐿(𝑗𝜔)| = |𝑀(𝑗𝜔)𝑁(𝑗𝜔)|  can be expressed as: 

|𝑀(𝑗𝜔)𝑁(𝑗𝜔)| =
√𝑅𝑠(𝜔)2 + 𝑋𝑠(𝜔)2

√𝑅𝑙(𝜔)2 + 𝑋𝑙(𝜔)2
 ( G.16 ) 

Phase margin condition ( G.14 ) combined with ( G.16 ) is equivalent to: 

√𝑅𝑠(𝜔)2 + 𝑋𝑠(𝜔)2

√𝑅𝑙(𝜔)2 + 𝑋𝑙(𝜔)2
= 1 →  𝑅𝑠(𝜔)

2 + 𝑋𝑠(𝜔)
2 = 𝑅𝑙(𝜔)

2 + 𝑋𝑙(𝜔)
2 ( G.17 ) 

If the resistive components are neglected compared to the reactive components, 

𝑅𝑠 ≪ 𝑋𝑠, 𝑅𝑙 ≪ 𝑋𝑙 and ( G.17 ) is simplified to: 
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𝑋𝑠(𝜔) = ±𝑋𝑙(𝜔) ( G.18 ) 

In an impedance-based model with the source represented as a Thévenin equivalent, 

series resonances of the closed loop system are equivalent to electrical series 

resonances from the voltage source 𝐯𝐬
𝐬 in  Figure G.1a and Figure G.2. If the resistive 

components are neglected, series resonance conditions are reduced to: 

Im{𝑍𝑠(𝑗𝜔𝑟𝑒𝑠) + 𝑍𝑙(𝑗𝜔𝑟𝑒𝑠)} ≈ 0 →  𝑋𝑠(𝜔) + 𝑋𝑙(𝜔) = 0 → 

→ 𝑋𝑠(𝜔) = −𝑋𝑙(𝜔) 

( G.19 ) 

It can be observed that ( G.19 ) is a particular case of ( G.18 ); i.e. the series 

resonance conditions coincide with the phase margin condition ( G.14 ). 

Phase margin condition ( G.15 ) can be divided in two different cases depending on 

the trend of the loop gain 𝑑|𝐿(𝑗𝜔)|/𝑑𝜔 around the angular frequency 𝜔: 

{
If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0  (|𝐿(𝑗𝜔)| is increasing ):     0 < arg{𝐿(𝑗𝜔)} < 𝜋 

If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0  (|𝐿(𝑗𝜔)| is decreasing ):−𝜋 < arg{𝐿(𝑗𝜔)} < 0  

 ( G.20 ) 

The loop phase arg{𝐿(𝑗𝜔)} can provide conditions for the imaginary part of 𝐿(𝑗𝜔) 

as follows: 

{
0 < arg{𝐿(𝑗𝜔)} < 𝜋  →  Im{𝐿(𝑗𝜔)} > 0 → 𝑅𝑙(𝜔)𝑋𝑠(𝜔) − 𝑅𝑠(𝜔)𝑋𝑙(𝜔) > 0

−𝜋 < arg{𝐿(𝑗𝜔)} < 0  →  Im{𝐿(𝑗𝜔)} < 0 →  𝑅𝑙(𝜔)𝑋𝑠(𝜔) − 𝑅𝑠(𝜔)𝑋𝑙(𝜔) < 0
 

( G.21 ) 

Combining ( G.20 ) and ( G.21 ) the two cases of phase margin condition ( G.15 ) 

are expressed as: 

{
If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0 ∶    0 < arg{𝐿(𝑗𝜔)} < 𝜋   → 𝑅𝑙(𝜔)𝑋𝑠(𝜔) − 𝑅𝑠(𝜔)𝑋𝑙(𝜔) > 0 

If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0 ∶ −𝜋 < arg{𝐿(𝑗𝜔)} < 0  → 𝑅𝑙(𝜔)𝑋𝑠(𝜔) − 𝑅𝑠(𝜔)𝑋𝑙(𝜔) < 0 

 

( G.22 ) 

If the resonance condition in ( G.19 ) is imposed to ( G.22 ): 
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{
If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0 ∶  𝑋𝑠(𝜔𝑟𝑒𝑠)[𝑅𝑙(𝜔𝑟𝑒𝑠) + 𝑅𝑠(𝜔𝑟𝑒𝑠)] > 0

If 
𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0 ∶  𝑋𝑠(𝜔𝑟𝑒𝑠)[𝑅𝑙(𝜔𝑟𝑒𝑠) + 𝑅𝑠(𝜔𝑟𝑒𝑠)] < 0

 ( G.23 ) 

The trend of the loop gain depends on the sign of the reactive components. If the 

resistive components are neglected compared to the reactive components, the loop 

transfer function is approximated as: 

𝐿(𝑗𝜔) ≈
𝑋𝑠(𝜔)

𝑋𝑙(𝜔)
 ( G.24 ) 

and its derivative as a function of 𝜔 is: 

𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
≈

1

|𝑋𝑙(𝜔)|3
𝑑|𝑋𝑠(𝜔)|

𝑑𝜔
−
|𝑋𝑠(𝜔)|

|𝑋𝑙(𝜔)|2
𝑑|𝑋𝑙(𝜔)|

𝑑𝜔
 ( G.25 ) 

 Therefore, the following conditions can be defined for 𝑑|𝐿(𝑗𝜔)|/𝑑𝜔: 

• If the source subsystem is capacitive, 𝑋𝑠 < 0, and the load subsystem is 

inductive 𝑋𝑙 > 0: 

𝑑|𝑋𝑠(𝜔)|

𝑑𝜔
< 0 and 

𝑑|𝑋𝑙(𝜔)|

𝑑𝜔
> 0   →  

𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
< 0 ( G.26 ) 

• If the source subsystem is inductive, 𝑋𝑠 > 0, and the load subsystem is 

capacitive 𝑋𝑙 < 0: 

𝑑|𝑋𝑠(𝜔)|

𝑑𝜔
> 0  and 

𝑑|𝑋𝑙(𝜔)|

𝑑𝜔
< 0 →  

𝑑|𝐿(𝑗𝜔)|

𝑑𝜔
> 0 ( G.27 ) 

By considering the previous conditions for 𝑑|𝐿(𝑗𝜔)|/𝑑𝜔, ( G.23 ) is simplified to: 

𝑅𝑙(𝜔𝑟𝑒𝑠) + 𝑅𝑠(𝜔𝑟𝑒𝑠) > 0 ( G.28 ) 

This equation defines the alternative approach of the positive-net-damping 

criterion, which states that a system is stable if the total damping (or in this case 

resistance) is positive at closed loop resonances (or in this case electrical series 

resonances). The demonstration of this criterion is equivalent for sources modelled as 

a Norton circuit. However, 𝑀(𝑗𝜔) and 𝑁(𝑗𝜔) are represented as admittances and the 

resonance condition in ( G.19 ) corresponds to electrical parallel resonances.  
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Appendix H  

Details of Case Studies 

H.1. CASE STUDY IN CHAPTER 3 

Tables H.1 and H.2 show the details of the HVDC-connected OWPPs used in the 

case study of Chapter 3. The interlink cables are supposed to have the same 

characteristics as the dc transmission cables and the ac export cables. 

Table H.1: Parameters of Wind Turbines, HVDC converters and transformers. 

Element Parameter Value 

HVDC converters Rated power 492 MVA  

HVDC transformers  

(2 units in parallel) 

Rated power 246 MVA 

Rated voltages 350/220 kV 

Leakage reactance 0.18 pu 

Load losses 0.005 pu 

No load losses 0.0005 pu 

Wind Turbine Number per each OWPP  82 

Rated power  6 MVA 

Wind Turbine transformer  Nominal power 6 MVA 

Nominal voltages 33/0.9 kV 

Leakage reactance 0.06 pu 

Load losses 0.009 pu 

No load losses 0.0009 pu 

Collector platform transformers  

(3-winding type and 2 units in 

parallel) 

Nominal power 280 MVA 

Nominal voltages 220/33/33 kV 

Leakage reactance 1-2 0.15 pu 

Leakage reactance 1-3 0.15 pu 

Leakage reactance 2-3 0.30 pu 

Load losses 0.005 pu 

No load losses 0.0005 pu 
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Table H.2: Cable parameters. 

Element Parameter Value 

DC transmission cables Nominal voltage  320 kV 

Resistance 0.0192 Ω/km 

Inductance 0.24 mH/km 

Capacitance 0.152 µF/km 

AC export cables 

(2 cables in parallel) 

Nominal voltage 220 kV 

Resistance 0.0323 Ω/km 

Inductance 0.4 mH/km 

Capacitance 0.17 µF/km 

AC collector cables  

(240 mm2) 

Nominal voltage 33 kV 

Resistance 0.098 Ω/km 

Inductance 0.36 mH/km 

Capacitance 0.23 uF/km 

AC collector cables  

(630 mm2) 

Nominal voltage 33 kV 

Resistance 0.041 Ω/km 

Inductance 0.31 mH/km 

Capacitance 0.34 uF/km 

The OWPPs are formed by two wind farm clusters of 41 WTs. These clusters are 

represented as aggregated single WTs in series to an impedance with equivalent power 

losses to the detailed collector grid [100]. The equivalent impedance of a string (see 

Figure 3.8 ) is calculated as: 

𝑍𝑠𝑡𝑟,𝑖 =
∑ 𝑍𝑤𝑡
𝑁𝑤𝑡
1 + ∑ 𝑗 ∙ 𝑍𝑐𝑏,𝑗

𝑁𝑤𝑡
1

𝑁𝑤𝑡
2  ( H.1 ) 

where 𝑁𝑤𝑡 is the number of WTs in the string, 𝑍𝑤𝑡 is the WT impedance and 𝑍𝑐𝑏,𝑗 is 

the impedance of the cable j. The equivalent impedance of a wind farm cluster with 

𝑁𝑠𝑡𝑟 strings is: 

𝑍𝑐𝑙𝑢𝑠𝑡 =
∑ 𝑍𝑠𝑡𝑟,𝑖
𝑁𝑠𝑡𝑟
1

𝑁𝑠𝑡𝑟
2  ( H.2 ) 
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Figure H.2 shows the layout of a wind farm cluster, which is partially based on the 

Fecamp project [99], and Table H.3 provides the cable lengths between WTs.  

 

Figure H.1: Equivalent impedance of a string with N WTs. 

 

Figure H.2: Wind farm cluster layout. 

Table H.3: Cable lengths of wind farm cluster in Figure H.2. 

Cables Length 

WT1- POC 5.755 km 

WT8- POC 4.684 km 

WT15- POC 3.615 km 

Others 1.169 km 

 

Table H.4 shows the MTTF and MTTR of different components to calculate 

availability of the interconnected topologies in Chapter 3. 
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Table H.4: MTTF and MTTR of transmission system components [102], [103]. 

Components MTTF MTTR 

(onshore) 

MTTR  

(offshore) 

GIS (200 - 300 kV)   250 yrs 120 hrs 184 hrs 

GIS (300 - 500 kV)   100 yrs 120 hrs 184 hrs 

Transformer 95 yrs 1008 hrs 1512 hrs 

Converter reactor 7 yrs 24 hrs 192 hrs 

VSC-MMC  1.9 yrs 12 hrs 60 hrs 

Control system of converter 1.6 yrs 3 hrs 17 hrs 

DC switchyard 4.02 yrs 26.06 hrs 98.06 hrs 

HVDC breaker 66.67 yrs 192 hrs 360 hrs 

Submarine ac cable  14.29 yrs /100km - 1440 hrs 

Submarine dc cable  14.29 yrs /100km - 1440 hrs 

H.2. CASE STUDY IN CHAPTER 4 

Tables H.5– H10 describe the specifications of the WT model, the HVDC point-to-

point transmission system and the onshore ac grid used in Chapter 4.  

H.2.1. Wind Turbine 

The WT model is described in Appendix C and the WT specifications are detailed 

in Tables H.5–H.7. 

Table H.5: Parameters of PMSG. 

Parameter Value 

Nominal Power 6 MVA 

Nominal Voltage 0.6 kV 

Nominal rotor speed, 𝜔𝑔,𝑛 1485 rpm 

q-axis unsaturated inductance, 𝐿𝑞 8.91·10-4 pu 

d-axis unsaturated inductance, 𝐿𝑑 8.91·10-4 pu 

Stator winding resistance, 𝑟𝑠 0.01 pu 

Magnetic flux, 𝜆𝑚 1.04 

Number of pole pairs, 𝑝 12 
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Table H.6: Aerodynamic and mechanical characteristic of WT. 

Element Parameter Value 

Aerodynamic characteristics Rated wind speed, 𝑣𝑤,𝑛 12.5 m/s 

Cut-in wind speed, 𝑣𝑤,𝑐𝑢𝑡𝑖𝑛 4 m/s 

Cut-off wind speed, 𝑣𝑤,𝑐𝑢𝑡𝑜𝑓𝑓 25 m/s 

𝑐1 0.5176 

𝑐2 116 

𝑐3 0.4 

𝑐4 5 

𝑐5 21 

𝑐6 0.0068 

Mechanical characteristics Rotor diameter, 𝐷𝑤𝑡 116 m 

Gear ratio, 𝑟𝑔 10 

WT inertia, 𝐻𝑤𝑡 4.8 s 

Nominal rotor speed, 𝜔𝑟,𝑛 148.5 rpm 

Minimum rotor speed, 𝜔𝑟,𝑚𝑖𝑛 45.1 rpm 

Table H.7: Specifications and control parameters of WT back-to-back converter. 

Element Parameter Value 

Generator-side VSC Rated power 6 MVA 

Rated voltages: 𝑉𝑎𝑐,𝑛, 𝑉𝑑𝑐,𝑛 0.6 kV, 1.2 kV 

Equivalent dc capacitor 10 mF 

Coupling inductance 0.105 µH 

Coupling resistance 0.1 mΩ 

PI current control: 𝑘𝑝, 𝑘𝑖 0.9, 6 

Grid-side VSC Rated power 6 MVA 

Rated voltages: 𝑉𝑎𝑐,𝑛, 𝑉𝑑𝑐,𝑛 0.6 kV, 1.2 kV 

Equivalent dc capacitor 10 mF 

Coupling inductance 0.105 mH 

Coupling resistance 0.1 mΩ 

PI - current control: 𝑘𝑝, 𝑘𝑖 0.105, 0.1 

PI - dc voltage control: 𝑘𝑝,𝑑𝑐, 𝑘𝑖,𝑑𝑐 5.97, 111.48 

PI – PLL : 𝑘𝑝,𝑝𝑙𝑙, 𝑘𝑖,𝑝𝑙𝑙 103, 105 
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H.2.2. HVDC Point-to-point System 

The general control strategies of the onshore and offshore VSCs are described in 

Chapter 2 and the supplementary droop controls to create a frequency coupling 

between onshore and offshore ac grids are described in Chapter 4. The offshore VSC 

control ac voltage based on an amplitude control. Tables H.8–H.9 show the 

specifications of the HVDC converters and the dc cables. 

Table H.8: Specifications and control parameters of dc cables. 

Parameter Value 

Nominal Voltage 320 kV 

Resistance 0.1646 Ω 

Inductance 8.78 mH 

Capacitance 6.54 µF 

Table H.9: Specifications and control parameters of HVDC converters. 

Element Parameter Value 

Offshore VSC Rated Power 1200 MVA 

Rated voltages: 𝑉𝑎𝑐,𝑛, 𝑉𝑑𝑐,𝑛 380 kV, ±320 kV 

Equivalent dc capacitor 0.222 mF 

Coupling inductance 11.35 mH 

Coupling resistance 0.5 Ω 

PI - ac voltage control: 𝑘𝑝,𝑉𝑜𝑓𝑓, 𝑘𝑖,𝑉𝑜𝑓𝑓 1, 100 

𝑉𝑑𝑐 − 𝑓𝑜𝑓𝑓 droop gain, 𝑘𝑓 0.0125 

Onshore VSC Rated power 1200 MVA 

Rated voltages: 𝑉𝑎𝑐,𝑛, 𝑉𝑑𝑐,𝑛 380 kV, ±320 kV 

Equivalent dc capacitor 0.222 mF 

Coupling inductance 11.35 mH 

Coupling resistance 0.5 Ω 

PI - current control: 𝑘𝑝,𝑐, 𝑘𝑖,𝑐 11.35, 500 

PI - dc voltage control: 𝑘𝑝,𝑉𝑑𝑐, 𝑘𝑖,𝑉𝑑𝑐 0.1493, 2.786 

PI – PLL : 𝑘𝑝,𝑝𝑙𝑙, 𝑘𝑖,𝑝𝑙𝑙 10, 1000 

𝑓𝑜𝑛 − 𝑉𝑑𝑐 droop gain, 𝑘𝑣 80 
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H.2.3. Onshore ac Grid 

The onshore ac grid model is described in Appendix D and the specifications are 

detailed in Table H.10. 

Table H.10: Specifications of ac grid model. 

Parameter Value 

Base power  5 GW 

Inertia constant, 𝐻𝑒𝑞 4.4 s 

Self-regulating effect of load, 𝐷 1 

Droop gain, 𝑅𝑒𝑞 11 

Lead-lag time constants: 𝑇1, 𝑇2 2 s, 12 s 

Governor actuator time constant, 𝑇𝐺 0.2 s 

Turbine time constant, 𝑇𝑇 0.3 s 

H.3. CHAPTER 5 

Tables H.11– H.13 show the details of the HVDC-connected OWPP used in the 

case study of Chapter 5. 

Table H.11: Specifications of offshore HVDC converter and HVDC transformer. 

Element Parameter Value 

Offshore HVDC 

converter 

(MMC) 

Rated power  560 MVA 

Rated ac voltage 350 kV 

Arm inductance, 𝐿𝑎𝑟𝑚  183.7 mH 

HVDC transformer 

(2 units in parallel) 

Nominal power 280 MVA 

Nominal voltages 350/220 kV 

Leakage reactance 0.18 pu 

Load losses 0.005 pu 

No load losses 0.0005 pu 
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Table H.12: Specifications of WT grid-side converter and WT transformer. 

Element Parameter Value 

WT grid-side 

converter 

(2-level VSC) 

Rated power  6.7 MVA 

Rated voltages 0.9 kV 

Coupling inductance, 𝐿𝑓
𝑤 50 μH 

Equivalent resistance of coupling 

inductance, 𝑅𝑓
𝑤 

0.02 mΩ 

Equivalent capacitance of high 

frequency filter, 𝐶𝑓
𝑤 

1 mF 

Low pass filter bandwidth, 𝛼𝑓 50 

Current control bandwidth, 𝛼𝑐 1000 

WT transformer Nominal power 6.7 MVA 

Nominal voltages 33/0.9 kV 

Leakage reactance 0.06 pu 

Load losses 0.009 pu 

No load losses 0.0009 pu 

Table H.13: Specifications of ac export cables and collector transformers. 

Element Parameter Value 

AC export cable 

(2 cables in parallel) 

Nominal voltage  220 kV 

Initial length 10 km 

Resistance 0.0323 Ω/km 

Inductance 0.4 mH/km 

Capacitance 0.17 μF/km 

Collector transformer 

(4 units in parallel) 

Nominal power 140 MVA 

Nominal voltages 220/33 kV 

Leakage reactance 0.15 pu 

Load losses 0.005 pu 

No load losses 0.0005 pu 
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