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General introduction

Electrical transmission systems face new challenges. Usually, power plants are fossil fuel or nuclear type and are strategically located to respond to the grid needs. The AC transmission systems were built to transmit electricity from the power plants towards areas with a high consumption of energy. Transmission systems from neighboring countries are usually interconnected in order to share resources such as operating reserve and also to ease the balance between production and consumption of power.

Since the nineties and the Kyoto Protocol, the reduction of the greenhouse gas emissions has become an intangible objective in several fields like industry, transports and electricity production. In this sense, many countries committed to increase the share of renewable energies in their energy mix. Hydropower, wind power, solar energy, biomass, geothermal, wave power and tidal power are the most known types of renewable energy.

In 2015, the Paris climate agreement reminded the need for reducing greenhouse gas emissions. According to REN21 (Renewable Energy Policy Network for the 21 st Century) and Figure 1, only 23.7 % of the global electricity production comes from renewable resources in 2015 (REN21 2017). The share of the renewable electricity is increasing, especially with hydropower, wind and photovoltaic.

Figure 1: Global electricity production of renewable energies

The evolution of the energy mix and the increase of the share of the renewable energies require adaptations. Indeed, the integration of the renewable electricity to the AC electricity system is a challenge. Electricity from solar energy is usually produced close to customers thanks to photovoltaics and can be directly integrated to the AC grid.

Hydropower is an onshore source of energy, connected to the AC grid. If this production is far from customers, HVDC links are required like in China or in Brazil. The use of DC current becomes mandatory from technical and economic aspects beyond a certain distance. For wind power, both onshore and offshore applications exist. For onshore and close offshore windfarms, the production is directly injected to the AC grid with no recourse to DC current. However, remote offshore windfarms require HVDC technology to be connected with the onshore AC transmission system.

Point-to-point HVDC applications are more and more common. They offer complementary feature to the AC transmission system. It is used to transmit bulk power over long distances as previously discussed, to interconnect asynchronous AC systems and also to reinforce power exchange between countries. Then, the economic aspects are important. An HVDC link allows exchanges between several markets like in Europe for instance. Though, point-to-point applications are widespread and well-known, HVDC grids remain rare for technical reasons. Despite several recent technical progresses in HVDC domain, protection and current interruption are two on-going fields of research.

In Europe, there is a high potential of wind power in the North Sea. Offshore wind farms would ensure the production of bulk power and its integration to the European electricity transmission system would increase the share of renewable electricity to the detriment of fossil fuels. For this purpose, an HVDC grid appears as a suitable solution to transmit the electricity production to the coastal countries. Moreover, still in Europe, a continental scale HVDC system would increase the cooperation between countries and contribute to a more reliable transmission system. As a transmission system operator (TSO), RTE is involved in several HVDC projects in Europe. HVDC point-to-point links are already in operation in France and some new connections with neighboring countries are being built. Then RTE takes part to projects related to HVDC technology and HVDC grids, like Best Paths and PROMOTioN. With around 3400 km of coast and accesses to Atlantic Ocean and also Mediterranean and North seas, mainland France has a privileged position in Europe assuming that offshore HVDC grids would have a promising future. This thesis will consider a multi-terminal cable HVDC system with Half-Bridge VSC-MMC converters. In agreement with a possible scenario of deployment of an HVDC grid in North Sea, the considered system is made of underground/undersea cables only, connected to several AC systems and also connected to offshore windfarms. A major objective of this work is to apply a full selective protection philosophy which would be comparable to the protection philosophy applied to the AC transmission systems. Such protection philosophy should ensure a high availability rate of the multi-terminal HVDC grid despite the fault occurrences. This philosophy requires a full recourse to DC circuit breakers located on each link. Finally, the implementation of a full selective protection philosophy should allow the continuous operation of the converter of the HVDC grid.

The first chapter of this dissertation will lay the foundations of our studies. The HVDC technology, the most important items of an HVDC system and the protection of HVDC grids are introduced there. Then, the second chapter is dedicated to the description of the study case. Each element considered in our studies and especially in the EMT simulations is widely introduced. Once this in-depth description is done, Chapter 3 shows results obtained from the test HVDC grid implemented in EMTP software. Observation of faults is the main concern. On Chapter 4, the protection strategy proposed in this thesis is introduced and applied. Results obtained from simulations are widely shown. Finally, the fifth chapter suggests a set of recommendations in order to make possible the implementation of a full selective protection philosophy. These recommendations are based on the results obtained during this 3-year work. This chapter will introduce the possible applications of the DC technology. Two-terminal HVDC system can be used to interconnect asynchronous AC systems or either when the cost of a DC link is economically more advantageous than an AC line. Then multi-terminal HVDC grids are described. Though few HVDC grids currently exist and are in operation, there is still a lack in protection domain. The third part of this first chapter is dedicated to protection for HVDC grids. This topic is the main concern of this PhD work. Once progresses will be accomplished in the protection field, their deployment could accelerate.

I. Introduction to HVDC technology

I.1. HVDC systems

An HVDC system is an electrical network (or a single link) working under direct current and used to transmit electrical power. HVDC means High Voltage Direct Current, whereas the term MTDC is the contraction of Multi-Terminal HVDC. Such system is connected to AC systems thanks to converters which are in charge of transforming current and voltage.

The IEC 62747-9. 1 (2014) standard on Terminology for voltage-sourced converters (VSC) for high-voltage direct current (HVDC) systems defines an HVDC system as an electrical power system which transfers energy in the form of high-voltage direct current between two or more AC buses.

Beyond a certain distance, high voltage AC transmission becomes less advantageous than DC (see Figure I-1). Considering 400 kV, for overhead lines, the break-even distance is in the range of 500 km while this distance is only 50 km for underground links [START_REF] Setreus | Introduction to HVDC Technology for Reliable Electrical Power Systems[END_REF]. Only two wires are needed in DC against three in AC. Also there is less losses in DC than in AC. A DC transmission system requires a greater initial investment cost than an equivalent AC line. This difference is mainly due to the converters' cost. Then from technical aspects, HVDC technology can be used to interconnect asynchronous AC transmission systems. For that purpose, a back-to-back configuration is generally adopted when a DC link is not required. It consists of two converters located in the same substation. Also, the power control applied to each converter can impose a power circulation through a DC link [START_REF] Setreus | Introduction to HVDC Technology for Reliable Electrical Power Systems[END_REF].

I.1.1. Point-to-point HVDC link

The IEC 62747-9.3 (2014) standard defines a two-terminal HVDC transmission system as a transmission system consisting of two HVDC transmission substations and the connected HVDC transmission line(s).

Point-to-point HVDC links are widespread, especially in eastern Asia and in Europe. In Asia, and especially in China, HVDC links are used to import power from central China to the East where the population density is high. In Europe, two-terminal HVDC transmission systems are used around the North Sea to interconnect Great Britain and Scandinavian countries with the continental European AC transmission system. Also HVDC is used to connect remote offshore windfarms like in the north of Germany. Finally embedded HVDC links can be met in Germany to reinforce the power transfer between the north and the south [START_REF] Rusek | Special requirements regarding VSC converters for operation of hybrid AC/DC overhead lines[END_REF], and also between France and Spain with the INELFE link.

In France, several HVDC links exist or have been already planned. It is possible to mention IFA2000, IFA2, FABLINK, ELECLINK to Great-Britain, INELFE to Spain, SAVOIE-PIEMONT to Italy, Celtic Interconnector to Ireland. From protection aspects, DC circuit breakers are not necessary in a point-to-point HVDC link. Indeed in case of a DC side fault, the current is interrupted thanks to AC side breakers.

I.1.2. HVDC grids

IEC 62747-9.4 (2014) states a multiterminal HVDC transmission system MTDC is an HVDC transmission system consisting of more than two separated HVDC substations and the interconnecting HVDC transmission lines.

Few HVDC grids already exist. It is possible to cite SACOI interconnection between Sardinia, Corsica and Italy and New England Quebec. These two are 3-terminal radial HVDC transmission systems based on Line Commutated Converters (LCC) [START_REF] Long | Application aspects of multiterminal DC power transmission[END_REF]). More recently, Zhoushan and Nanao multi-terminal HVDC systems have been commissioned in China, based on VSC converters [START_REF] Xiaolin | Nanao multi-terminal VSC-HVDC project for integrating large-scale wind generation[END_REF].

In Europe, the feasibility of an HVDC grid around the North Sea is being considered.

Several European projects deal or have dealt with this topic, like Best Paths, PROMOTioN and Twenties. Multi-terminal HVDC grid will share power resources of different power plants with several interconnected countries, over long distances. The association of several converters in a multi-terminal HVDC grid is feasible [START_REF] Rouzbehi | A generalized voltage droop strategy for control of multiterminal DC grids[END_REF]) [START_REF] Rault | Dynamic Modeling and Control of Multi-Terminal HVDC Grids[END_REF]. Progresses are still required in the protection domain, either in the field of DC circuit breakers or protection strategies.

I.2. HVDC equipment

In this section several items related to HVDC grids are introduced, in particular the converters, the cables and the DC circuit breakers.

I.2.1. VSC converters

Converters play the role of interface between AC and DC sides. They convert alternating current in direct current and vice versa. Unidirectional converters can only have one operating mode: inverter or rectifier mode. A bidirectional (or reversible) converter can work in both modes, one at a time.

Several kinds of converter exist. The LCC technology (Line-Commutated Converter) and the VSC technology (Voltage-source Converter) are the most prevalent configurations.

LCC converters require a polarity reversal in order to invert the power flow direction, unlike VSC ones. Such aspect makes the use of LCC converters impossible in meshed HVDC grids. Nevertheless, for point-to-point links or radial systems, it is possible to consider them (D'aubigny et al. 2016) [START_REF] Long | Application aspects of multiterminal DC power transmission[END_REF]. For this reason, only VSC converters are investigated here.

I.2.1.1. Types of VSC converters

VSC converters are made of six arms, as any other converter. A VSC uses turn-off semiconductor components such as IGBTs. Then the arrangement and the number of power electronic devices in the arms can differ. VSC converters are bidirectional. Two main types of VSC exist: 2-level and MMC (Modular Multi-Level Converter).

A 2-level converter arm is made of a switch type VSC valve which is, according to IEC 62747, an arrangement of IGBT-diode pairs connected in series and arranged to be switched simultaneously as a single function unit. Then, filtering stages are required in both AC and DC sides. And a PWM control can be used in order to control the IGBTs.

A MMC converter arm is made of several submodules associated in series with each other (cf. The structure of a Full-Bridge submodule gathers four IGBTs, four freewheeling diodes and one capacitor. With Full-Bridge submodules, the converter provides the same features than a Half-Bridge MMC converter. In addition, the Full-Bridge submodules are capable to interrupt currents in any direction by applying a reverse voltage between their terminals. However, such structure doubles the number of power electronic devices located in the current path during normal operation, and therefore doubles the conductor losses in comparison to Half-Bridge submodules [START_REF] Marquardt | Modular Multilevel Converter Topologies with DC-Short Circuit Current Limitation[END_REF].

Alternative submodule topologies can be found. It is possible to cite the clamp double submodule [START_REF] Marquardt | Modular Multilevel Converter Topologies with DC-Short Circuit Current Limitation[END_REF], or the semi-Full-Bridge submodule [START_REF] Watanabe | Semi-fullbridge Modular Multilevel Converter: An Inherent DC Fault Current Limiting Topology[END_REF].

Hybrid MMC also exists. Such converter gathers both Full-Bridge and Half-Bridge submodules in the same converter arm [START_REF] Zeng | Pre-charging and DC Fault Ride-Through of Hybrid MMC-Based HVDC Systems[END_REF]. The objective of such association is to provide a fault blocking capability to a converter with few losses in normal operation.

I.2.1.3. Configurations

An HVDC system can operate with several configurations. The converter applies a DC voltage between its terminals on the DC side, and then there is several ways to use it.

In a symmetric monopole configuration (see Figure I-5), a single converter provides both positive and negative DC voltages. These voltages are balanced between two poles with two voltages equal in absolute value. A high resistance neutral point is used in the secondary side of the transformer, at the AC side of the converter. An asymmetric monopole configuration is also possible (cf. Figure I-6). In this configuration, one DC output pole is at the ground potential. There is only one high voltage cable. The conductor at the ground potential is required to avoid current circulations through the ground. Grounding is required here. For configurations requiring a ground connection, several kinds of groundings are available in [START_REF] De Boeck | Configurations and earthing of HVDC grids[END_REF]. For an equivalent power transfer, the converter used in a symmetric monopole configuration needs a rated power twice bigger than each converter from the bipole configuration.

I.2.2. HVDC cables

In this study, the recourse to underground/undersea cables has been privileged. This section will focus on HVDC cables. An HVDC link is made of two cables, one for each pole.

I.2.2.1. Types

Two types of HVDC cables are usually cited: MI and XLPE.

Mass-impregnated (MI) paper-insulated cables have a metallic core in order to conduct the current. The insulation is made of several layers of papers and with pressurized oil.

The higher the voltage level, the higher the number of paper layers. A metallic sheath envelops the insulation layer. This kind of cable support polarity reversal. The use of oil in the insulation present difficulties: the pressure must be permanently controlled, and, in case of leak, a pollution of the environment is inevitable.

The Cross-linked polyethylene extruded (XLPE) cables are a most recent technology than MI cables technology. The core conductor is made of copper or aluminum; the current flows in the core in normal conditions. A polyethylene insulation layer wraps the core conductor. Such insulation does not endure polarity reversal [START_REF] Fu | Space charge formation and its modified electric field under applied voltage reversal and temperature gradient in XLPE cable[END_REF]. Polarity reversals could lead to its destruction [START_REF] Zhang | Evidence of strong correlation between space-charge buildup and breakdown in cable insulation[END_REF]. Recent improvements tend to let say that XLPE cables may endure polarity reversal [START_REF] Tanaka | Observation of Space Charge Accumulation Behavior in Crosslinked Polyethylene at Voltage Polarity Reversal[END_REF].

The screen of XLPE cables is a conductor where no current flows in normal operations in HVDC. The screen holds the magnetic field in the cable. During a fault, current variations in the cable lead to variations of the magnetic field which induce a current circulation in the screen.

I.2.2.2. Possible associations with converters

LCC converters are usually associated with MI cables. Such cables were the only ones to endure polarity reversal. With recent improvement in XLPE technologies, XLPE cables could be soon associated to LCC converters. VSC converters can work with MI and XLPE cables.

I.2.3. DC circuit breakers

The interruption of a DC current is difficult because there is no natural zero crossing every 10 ms (at 50 Hz) like in AC systems. AC circuit breakers use this natural crossing which also happens during faults in order to interrupt a current. Moreover, the fast increase of the current due to the presence of numerous power electronic devices in converters and due to cable capacitance discharge makes more difficult the interruption of a DC current [START_REF] Shukla | A Survey on Hybrid Circuit-Breaker Topologies[END_REF].

There are two main ways to interrupt a DC current. A first way forces a zero crossing thanks to oscillating circuits or with a capacitor discharge. Another way uses power electronic devices in order to interrupt the current.

I.2.3.1. Mechanical DC circuit breakers

Mechanical DC circuit breakers are constituted of a high speed switch in the main branch, where the current flows during normal operations. In parallel, a device called "MOSA" on Such breakers cause little losses because there is only a mechanical switch in the main path. There is no recourse to power electronic devices in the main path for the current.

The main drawback is the duration of the opening. With a passive commutation, the operating time is 60 ms long whereas this time is in the range 20-25 ms with an active resonance [START_REF] Mobarrez | Comparative Study of DC Circuit Breakers Using Realtime Simulations[END_REF]. The maximum DC breaking current is 4 kA.

Another type of circuit for the commutation is introduced in [START_REF] Wang | A fast switching, scalable DC-Breaker for meshed HVDC SuperGrids[END_REF].

There, a capacitor connected between the pole and the ground creates a reverse voltage to force the oscillation and to help the interruption of the current.

I.2.3.2. Static DC circuit breakers

A static breaker use power electronic devices such as IGBTs located in series on the main current path. Once again a surge arrester is used in parallel in order to dissipate energy (see Figure I-9). The interruption of the current does not require zero crossing [START_REF] Sano | A surge-less solid-state dc circuit breaker for voltage source converter based HVDC transmission systems[END_REF]. Opening time is very short, shorter than 1 ms but losses are important due to the presence of several IGBTs in series. The maximum DC breaking current is 5 kA [START_REF] Mobarrez | Comparative Study of DC Circuit Breakers Using Realtime Simulations[END_REF].

I.2.3.3. Hybrid DC circuit breakers

Hybrid DC circuit breakers are a mix between the two technologies introduced before. It aims at associating the advantages of these two. Such circuit breaker is composed of three branches. The first branch where the current flows during normal operation is made of a high speed switch in series with power electronic devices (IGBTs with diodes in antiparallel). The second branch is only made of power electronic devices in series. The third branch is a surge arrester. An inductor is required in series with the hybrid DC circuit breaker in order to reduce the rate of rise of the current during a DC side fault [START_REF] Grieshaber | A new ultra-fast HVDC Circuit breaker for meshed DC networks[END_REF]) [START_REF] Zhou | Development and test of a 200kV full-bridge based hybrid HVDC breaker[END_REF]. A view is available on Figure I-10. To make DC circuit breakers bidirectional, the number of IGBTs must be doubled. Indeed, the IGBT with a freewheeling diode is only capable of interrupting the current flowing in a single direction. Bidirectional DC circuit breakers have higher losses during normal operation in comparison with unidirectional breakers.

I.2.4. Inductances

Inductances are required in multi-terminal HVDC grids for several reasons, such as the operation of DC circuit breakers, protection and control.

Hybrid DC breakers require the presence of an inductor in order to reduce the rate of rise of the current. In this way, it gives time for the breaker to open (opening time equal to 2 ms, §I.2.3.3). The current must remain below the maximum DC breaking current during the whole opening process. According to [START_REF] Tahata | HVDC circuit breakers for HVDC grid applications[END_REF], the presence of inductors has an impact on the fault clearing time requirement and also on the interruption current requirement.

Then, inductors are also required by the HVDC grid itself. Indeed, their presence adds inertia to the HVDC system. During DC side faults, converters will suffer less the apparition of the fault. Also, inductors can be used for protection purposes, especially in the faulty link identification process. The discrimination between faulty and healthy links is eased.

As a replacement of inductances, a superconducting fault current limiter (SCFCL) can also be considered. In normal operation, the superconducting material resistance is nearly zero. During a fault, the current surge exceeding a certain value will make the superconducting material resistive and reduce the current magnitude [START_REF] Sokolovsky | Superconducting FCL: Design and application[END_REF]) [START_REF] Ye | Application studies of superconducting fault current limiters in electric power systems[END_REF]. Protection strategies based on these equipment have already been considered [START_REF] Descloux | Protection system for meshed HVDC network using superconducting fault current limiters[END_REF][START_REF] Garcia | Full-selective protection strategy for MTDC grids based on R-type superconducting FCLs and mechanical DC circuit breakers[END_REF]. The recourse to superconducting materials is out of the framework of this thesis and it will not be further investigated.

I.2.5. Surge arresters

This section does not deal with surge arresters located within DC breakers.

Surge arresters are required at each cable end in order to avoid overvoltages. A pole-toground fault in an HVDC system working under a symmetric monopole configuration leads to overvoltages on the healthy pole. Overvoltages are prejudicial to cables. The insulation layer between the core and the screen is sized in order to withstand a maximum voltage level. The surge arresters are important because they limit the overvoltages in a range which is acceptable for the cable.

For XLPE cables, overvoltages should remain below twice the rated voltage. In [START_REF] Colla | Short Circuit and Induced Voltage Transient Study on a Planned 1000 MW HVDC-VSC Cable Link[END_REF]), 1.88 pu of the rated pole-to-ground voltage are recommended.

I.3. Protection

To ensure the required level of availability, a grid should remain in operation in spite of fault occurrences. To that purpose, protection strategies are required to face faults and to reduce the consequences related to their apparitions. A set of protection strategies is known as a protection plan. Without those protection strategies implemented in a reliable protection system, the electrical system would stop at any fault occurrences.

If protection is a well-known field in AC systems, it remains quite new on DC systems.

Indeed no multi-terminal HVDC grid with DC circuit breakers and with a selective protection strategy has already been used. The proposal of reliable protection strategies dedicated to DC systems is still an on-going topic of research. It is one of the last technological issues before the implementation of meshed multi-terminal HVDC grid in real applications.

If the same level of availability and reliability as AC grid is expected for DC grids, protection for DC grid requires the same performances as for AC grids. It has to be sensitive, selective, fast, reliable, robust and last but not least cost effective.

I.3.1. Protection philosophies for HVDC grids

A protection philosophy can be defined as an approach towards identifying and clearing a wide set of faults in a given system. A protection philosophy corresponds to an expected behavior of the protection system after a given fault has occurred. Within a single system, with a single protection philosophy, different faults might be cleared in different manners (PROMOTioN_project 2017).

According to CIGRE WG B4/B5-59 "Protection and Local Control of DC Grids", the protection philosophy is determined by the selectivity of the method of DC fault current interruption. Three types can be defined: full selective, non-selective and partially selective.

In a full selective protection philosophy, each DC link and each DC busbar is a single protective zone. They are individually protected. The protective zone affected by the fault is identified and then disconnected thanks to DC circuit breakers.

A non-selective protection philosophy considers the whole HVDC grid as a unique protective zone. In case of fault, the whole system is disconnected. A partially selective protection philosophy considers several protective zones which may gather several links or busbars. In case of fault, the faulty protective zone is disconnected.

An alternative philosophy can also be cited here with the Open Grid approach. In a first stage, the fault is identified in a non-selective way and the whole HVDC grid is deenergized. Then, the faulty link is identified. The healthy parts are restored while the faulty link remains disconnected. This sequence must be completed in several hundreds of milliseconds [START_REF] Barker | An alternative approach to HVDC grid protection[END_REF]) [START_REF] Tang | Locating and isolating DC faults in multi-terminal DC systems[END_REF].

I.3.2. Primary protection and algorithms

Selective algorithms capable of identifying the faulty link are the focus in this section. Such algorithms are required to match with a full selective protection philosophy which is in the scope of this thesis.

Two types of fault are the most likely to happen in a DC grid: link faults and busbar faults. Primary protection algorithms are used to identify the fault [START_REF] Jahn | Survey of Methods for Selective DC Fault Detection in MTDC Grids. AC and DC Power Transmission[END_REF]. If the fault is still present at the end of the primary protection sequence, the backup protection act.

I.3.2.1. Non-unit algorithms

Non-unit algorithms are capable of identifying whether the fault is internal to the protective zone or not with only local measurements. Such algorithms do not require any recourse to communications therefore their identification process is fast.

These algorithms usually consider voltage and current measurements for the fault detection. After the fault occurrence, a front wave is observed thanks to measurement devices. Algorithms based on voltage or current derivative signals use this front wave to conclude if the fault is internal [START_REF] Leterme | Non-unit Protection of HVDC Grids With Inductive DC Cable Termination[END_REF]) (Pirooz Azad & Van Hertem 2017) [START_REF] Marten | Non-telecommunication based DC line fault detection methodology for meshed HVDC grids[END_REF]) [START_REF] Marvik | Protection scheme for multi-terminal radial VSC HVDC system without communication between terminals[END_REF]. Traveling wave-based algorithms aim at identifying the shape of the front wave signal (Torres-olguin & Høidalen 2016) [START_REF] Ma | Analysis of travelling wave protection criterion performance for double-circuit HVDC[END_REF]) [START_REF] Johannesson | Selective Wave-Front Based Protection Algorithm for MTDC Systems[END_REF]) [START_REF] Yu | Fault detection and location for MTDC combining wavelet analysis and travelling wave[END_REF].

I.3.2.2. Communicating algorithms

Communication-based algorithms require the use of communications to exchange information in order to identify the faulty part. In general, optical fibers are considered for this purpose because it is the fastest technology.

Mainly, communicating algorithms consider differential current [START_REF] Dallas | Teleprotection in multi-terminal HVDC supergrids[END_REF]) [START_REF] Descloux | Protection strategy for undersea MTDC grids[END_REF]. Differential algorithms based on voltage measurements are also possible [START_REF] Descloux | Protection algorithm based on differential voltage measurement for MTDC grids[END_REF].

I.3.3. Backup protection and algorithms

In case the fault has not been cleared, a backup sequence is compulsory in order to clear the fault and limit its propagation. The non-elimination of the fault is caused either by a failure in the tripping of a DC circuit breakers or a failure in the identification of the faulty zone. Non-unit backup have been introduced in [START_REF] Leterme | A Local Backup Protection Algorithm for HVDC Grids[END_REF]) [START_REF] Descloux | Protection contre les courts-circuits des réseaux à courant continu de forte puissance[END_REF].

I.4. Conclusion

This first chapter aimed at introducing the fundamental elements constituting a multiterminal HVDC grid. Converters, cables and DC circuit breakers have been discussed

because they are key components in a DC grid. Then protection for DC grids has been considered. It is a technical aspect of DC grids still under study and progresses are still required.

This first chapter has been oriented in order to talk about items related to our study.

Protection of multi-terminal HVDC grid is the main concern of these thesis works. Multiterminal term gathers both radial and meshed systems. Such grids require the recourse to converters with the VSC technology.

Though several possibilities are conceivable for converters, DC circuit breakers and protection philosophies, a framework has been defined in order to focus our studies. Half-Bridge VSC-MMC converters, underground/undersea cables, hybrid DC circuit breakers and full selective protection philosophy have been chosen. These choices are widely discussed in the next chapter ( §II).

The implementation of a full selective protection strategy for such HVDC system will be investigated. DC side faults must be cleared without interruption of the overall transmission system. Fast selective algorithms capable of identifying the faulty link are going to be proposed in that purpose. Thanks to EMTP, offline simulations will be used in order to validate the operation of algorithms. Particular attention will also be paid to the converters, to see if they remain in the operating domain while the DC side fault is being cleared.

II. Description of the study case

Chapter II: Description of the study case 

II.1. HVDC cable system

II.1.1. Justification of the choices

Under faulty conditions, the behavior of an HVDC system is different if the links are made of cables only, of overhead lines only or of a mix between lines and cables. Fault current contributions and type of faults are also different, depending on the type of link. It is highly probable that different protection strategies will be required for cable systems and for overhead line systems. In this study, an HVDC system made only of underground or undersea cables is considered.

Such a choice was necessary in order to reduce the framework and to focus on a complete in-depth analysis of one of those three solutions. Two main reasons justify that choice.

First, with the possibility of the deployment of a multi-terminal HVDC grid in the North Sea, RTE needs to expand his knowledge on the topic of protection strategies for HVDC grids. Cables will be used to connect remote offshore electricity production or AC 

II.1.2. Description of a cable link

In this paragraph, the cables considered in our studies will be described. Type and grounding are discussed. Data mainly comes from INELFE HVDC link [START_REF] Descloux | Protection contre les courts-circuits des réseaux à courant continu de forte puissance[END_REF].

II.1.2.1. Technical data

The technology of cable is XLPE. As discussed in §I.2. The relative position of the cables depends on the way the cables are buried. Typical data can be provided in Table II-2.

Geometric data Value

Vertical distance [m] 1.33

Horizontal spacing [m] 0.50

Outer insulation radius for one cable [mm] 63.9 

II.1.2.2. Grounding

The grounding of the cable screens is considered in the modelling of the cable. Indeed, in practice, the screen is connected to the ground potential at regular distance interval in order to avoid overvoltages in the screen. This information is provided by RTE. In our studies, the following parameters are considered. The screens of both cables are connected together then the connection to the ground is approximately equal to 10 Ω.

This operation is repeated every 10 km. At the cable terminals, the grounding direct for security reasons, guaranteeing 0 V in the screen.

II.1.2.3. EMTP model

The EMTP software has been used to perform simulations. As indicated by its name, this software is dedicated for electromagnetic transient studies also called EMT studies [START_REF] Mahseredjian | EMTP-RV User Manual Version[END_REF].

II.1.2.3.1. Cable model

Built-in functions are available in the software to create the cable model from data provided in §II. [START_REF] Descloux | Protection contre les courts-circuits des réseaux à courant continu de forte puissance[END_REF] and also an in-depth analysis, such as in [START_REF] Pagnetti | Cable modelling for electromagnetic transients in power systems[END_REF]. Here, the study does not aim at comparing cable models and results from other studies are used in order to select the most suitable model. Therefore, a Wideband model for cables was chosen. The response of such model is valid over a large band of frequencies, from 0 Hz up to 1 MHz in our case. It is even possible to set it higher. The high frequencies content of the cable is required for the study of transients, such as a fault occurrence. A model with constant parameters would not provide an accurate response in comparison with the Wideband model. The parameters of series resistance and inductance and shunt capacitor and conductance are distributed and defined for each frequency. The Wideband model is detailed in [START_REF] Morched | A universal model for accurate calculation of electromagnetic transients on overhead lines and underground cables[END_REF].

II.1.2.3.2. Construction of a cable link

The HVDC system is built in EMTP software. The links are composed of 10 km long pieces of cable. This division is required in order to include grounding of the screens, between two pieces of cable. The grounding of cable screen is not included in the software function which builds the cable model. The division allows implementing faults every 10 km in the link. Figure II-1 illustrates how the link is divided.

II.1.3. Recourse to surge arresters

In addition to the grounding of the screens, surge arresters are required at cable terminals to protect the cable itself against overvoltages [START_REF] Colla | Short Circuit and Induced Voltage Transient Study on a Planned 1000 MW HVDC-VSC Cable Link[END_REF]. Moreover, from [START_REF] Colla | Short Circuit and Induced Voltage Transient Study on a Planned 1000 MW HVDC-VSC Cable Link[END_REF]) and from (CIGRE 2012), voltages must remain below 1.88 times the rated voltage in the cable, which approximately corresponds to 600 kV. The insulation layer between the core and the screen does not withstand overvoltages greater than 2.0 pu.

An overvoltage occurs during a pole-to-ground fault in an HVDC system made of VSC converters working under symmetric monopole configuration (described later in §II.2.2).

In those conditions, the converter is still able to apply the DC voltage between its terminals but one of the poles has a fault and its voltage is near zero. The healthy pole suffers an increase of its voltage toward 2 pu.

The surge arresters are located at each cable end on both poles connecting the core to the ground (cf. To complete the description on their recourse, surge arresters are also located between the secondary side of the transformer and the MMC converter in order to avoid overvoltages that could cause damages to the transformer. They limit voltages to approximately 1.8 pu. 

II.2. HVDC converter and configuration

As discussed in the first chapter, several kinds of converter exist and can be assembled according to different configurations. A single type of converter has been studied during this thesis. This paragraph describes the choices of converter type and converter configuration made for the considered HVDC system.

II.2.1. Modular Multi-Level Converter

Among 

II.2.1.1.2. Converter protections

Self-protections exist to protect the converter. Those self-protections should not be used as primary protection when a fault occurs on a cable in the HVDC grid but they are required in case the protection system cannot clear this fault or in case the fault is internal to the converter. For this last one, those self-protections are the primary protection for the converter. Mainly, it is possible to identify two types which could act during a fault external to the converter:

-A self-protection against AC voltage sags;

-A self-protection against DC overcurrents.

The protection against AC voltage sags, and in general all self-protections, shall comply The protection against DC overcurrents is required to protect power electronic devices such as IGBTs and diodes against high currents and to avoid any damages. Unlike Full-Bridge submodules, the Half-Bridge submodules cannot control current circulations during a fault on the DC side. Therefore an overcurrent limitation is defined for the converter and AC breakers trip when the thresholds are reached. The description of the self-protection against DC overcurrents will be deeply detailed in §II.4.

II.2.1.2. EMTP software model

A detailed model of VSC MMC converter equipped with Half-Bridge submodules is available in the library of EMTP software, with a friendly-user interface. This section will discuss the required level of detail for the converter and the type of control applied to it.

Four levels of details are available in the model [START_REF] Saad | VSC-MMC Station Models Modular Multi-Level Converter in EMTP-RV[END_REF]).

- The first three can be used for fault analysis while the fourth better fits for control studies.

The MMC converter from the EMTP library provides reliable results with fault on the DC side (both pole-to-pole and pole-to-ground faults) and also balanced three-phase faults on the AC side [START_REF] Saad | Dynamic Averaged and Simplified Models for MMC-Based HVDC Transmission Systems[END_REF]. It is important to note that the response of the model with any level of detail during an unbalanced fault on the AC side such as a single-phase to ground fault is wrong. However, no AC single phase fault has been studied in this thesis.

Response and performance of models 1 and 3 have been considered and compared in order to select the most appropriate model for the study of an HVDC grid.

II.2.1.2.1. Full detailed model

In the full detailed model, all the components of the converter are included. Two IGBTs, two diodes and one capacitor are present in each submodule. Then with up to 400 submodules per arm, each converter has several thousand components.

This model provides the most reliable results which can be used as reference. But with this amount of components included in each converter, EMT studies are time-consuming.

A lighter model of MMC converter must be used to perform several simulations within shorter durations.

II.2.1.2.2. Switching function model and comparison

In 

With:

-"relative_error" is the relative error between models 1 and 3 [A]; -IModel1 and IModel3 are the currents from each converter model [kA].

Figure II-3: Comparison of current between models 1 and 3

Above, both currents are really close and it is difficult to identify each curve. The relative error is the difference between those two signals. It is easier to appreciate how close the currents from models 1 and 3 are. Before the fault at t = 0 ms, the steady current are almost equal while during the transient of the fault the error grows. The response of those two models is not exactly the same in the whole domain of frequencies, but the relative error remains low enough (i.e. smaller than 0.5 %) to accept the fact that the two responses are close.

On Figure II-4, the same comparison is performed with voltages. The equation (II-1) is reused with the voltage in order to obtain the relative error. This comparison shows that both models provide similar responses. Model 3 is much faster than Model 1. The VSC-MMC converter "Switching function of arm" model of EMTP software library will be used in the rest of this document.

II.2.1.2.3. Control of power and voltage

In a point-to-point HVDC link, there are only two converters. Usually, a "master-slave" control is applied: one converter sets the DC voltage level while the other one adjusts the power. In a multiterminal HVDC grid, there are at least three converters. A similar approach can be used but in case one of the converters must interrupt; the control of the power and the voltage in the HVDC system may not be guaranteed. For this reason, each converter must be independently controlled. A droop control is applied. It consists of a control of power and voltage by each converter. Many publications show that such control approach is viable in a multiterminal HVDC grid [START_REF] Rault | Coordinated control for multi terminal DC grids connected to offshore wind farms[END_REF]) [START_REF] Akkari | Interaction between the Voltage-Droop and the Frequency-Droop Control for Multi-Terminal HVDC Systems[END_REF]) [START_REF] Rouzbehi | A generalized voltage droop strategy for control of multiterminal DC grids[END_REF].

II.2.2. Configuration of the HVDC system

II.2.2.1. Symmetric monopole configuration

A symmetric monopole configuration is considered in the different studies introduced in this dissertation. This configuration has been applied to the INELFE HVDC link between

France and Spain and should be reused by RTE in his future HVDC projects.

A unique converter applies its voltage between two feeders. The denomination monopole refers to the use of a single converter and the term symmetric means the voltages are split off with identic magnitudes on both poles. In our case, a voltage of 640 kV is considered. With the symmetric monopole configuration, the converter provides + 320 kV to a first feeder and -320 kV to a second feeder.

II.2.2.2. Neutral point on the DC side

On bipole configuration (or on asymmetric monopole configuration), the converters have one terminal connected to a 0 V potential. On symmetric monopole configuration, there is no terminal connected to the ground potential. A PWM based 2-level VSC converter requires a filtering stage on the DC side. The DC shunt capacitors create this neutral point.

But a VSC-MMC converter may not require any filtering device neither on DC nor on AC side, so there is no natural neutral point. The configuration of the HVDC grid depicted in this chapter does not include any neutral point on the DC side.

This choice is motivated by two main reasons. First of all, the construction of a neutral point with shunt capacitors will lead to extra costs and, during a fault on the DC side, the energy stored in the shunt capacitors will provide extra current feeding the fault and increasing the current that DC circuit breakers must interrupt [START_REF] Bucher | Fault Current Interruption in Multiterminal HVDC Networks[END_REF].

Then, during a pole-to-ground fault, a symmetric monopole configuration with no neutral point lets the voltage of its healthy pole rise to almost 2 pu, while the voltage of the faulty pole falls toward 0 pu. This adaptation of the voltages is possible because there is no neutral point on the DC side and the converter can still apply its rated voltage between its two terminals. The voltage shifting during a pole-to-ground DC fault involves a low steadystate current during a fault.

II.3. Implementation of faults

The study of protection strategies involves the study of faults. Those faults must be implemented in order to perform EMT studies.

II.3.1. Fault description

A fault could happen either on a link or on a busbar, on the DC side. Faults can also occur at the AC side of the converter or can be internal to it. The faults on the DC side can affect one or two poles, while on the AC side it can involve up to three phases. A resistance is associated to the fault. The types of faults are different if a cable or an overhead line is considered. A cable link will primarily suffer permanent pole-to-ground faults while overhead lines can suffer both permanent and non-permanent and both pole-to-ground and pole-to-pole faults. A cable may suffer external attack such as shocks or collisions, the fault resistance would be small in those conditions. A cable can also suffer a deterioration of its insulation and the fault resistance is greater than for the previous case.

Since this study is focusing on cable system (cf. §II.1.1), permanent pole-to-ground faults will be mainly considered for the design of the protection strategy.

II.3.2. Faults in EMTP software

II.3.2.1. Modelling

A fault is built with an ideal switch and a resistor. The switch is connected to a link (or busbar) at the fault location and the value of the resistance is set to match with the fault resistance. Those two devices are connected in series. The resistance is then connected to the ground or to another cable.

This modelling is simple and some approximations are made. Indeed, in practice, it is not certain that a fault instantly happens within a single time step. For instance, the ignition of a high resistance fault such as current leakage through the insulation of a cable probably needs a different modelling in order to represent the partial discharge tree.

Aware of this approximation, the model using an ideal switch has still been considered.

The use of arc models would have led to extra studies which would be out of the scope of this study.

II.3.2.2. Pole-to-ground fault on cable link

As discussed in paragraph §II.1.1, the considered HVDC system is composed of cables only.

A specific attention is given here to the implementation of a pole-to-ground fault on a cable link. Pole-to-ground fault does not necessarily involve the ground. If only the core and the screen are affected by the fault, there is no reason to use the ground potential and the current will normally flow through the screen. This is especially true in our case, with 10 Ω for the grounding of the screens. But, if the fault involves the ground, possible wrong current circulations may appear through the ground potential of the software.

The Wideband model for cables takes into account propagation effects. It also modifies the screen resistance in order to consider the skin effect. So depending on the considered frequencies, the repartition of currents between screen and ground may change. But the use of the ground potential in the fault implementation should lead to short-circuit of the fault current circulation path. Indeed, the ground potential of the software is an absolute zero volt ground. An illustration of this problem is provided in In practice, a core-to-screen fault involving the ground sees the current leave the core to go in the screen. Then fault current flows through the screen because the resistivity of the screen is smaller than the resistivity of the ground. This assumption is true in the first instants. In an EMT study with an absolute zero volt ground reference, the ground connection at the fault location is the same as the ground at the end of the screen at cable terminal. So, in the software, the screen of the cable is short-circuited. In the schematic in Figure II-5, the software ground reference is equivalent to an ideal connection of all groundings.

The handling of such problem would involve important investigations and modifications in the recourse of the ground reference. A way to solve this situation is to not use the ground reference at the fault location, only performing core-to-screen faults with no recourse to ground. In this way, the current is forced to flow in the screen.

This simplification respects the fact that in the first milliseconds after the fault occurrence, the current is mainly composed of high frequencies content and will flow in the screen instead of the ground. Then, few milliseconds later, the current should only go through the ground because it mainly remains low frequencies content in the current and the ground presents a lower resistivity for low frequencies. In this second stage, our simplification becomes wrong. We made the assumption that the protection strategy will identify the fault within the first milliseconds, when the current still flows in the screen, or at least with signals measured in those first milliseconds. Aware of the limitations of this simplification, the observation of both current and voltage waveforms will focus on the first milliseconds after the fault occurrence. A window of approximately 5 ms is considered.

Therefore, both core-to-screen and core-to-screen-to-ground faults are done in the same way, without any recourse to the ground reference of the software. From now, in this dissertation, the denomination pole-to-ground fault designates this fault case.

II.4. Current rise at converter DC output during DC faults

A fault on the DC side of the converter leads to a high increase of current and a voltage drop. This paragraph focuses on the current rise, the maximum current allowed by the converter and the consequences of the exceeding of the DC overcurrent limit.

II.4.1. DC overcurrent protection

In order to detect an overcurrent, a threshold must be defined. If the current exceeds this threshold, the converter protects itself and then AC circuit breakers open. Such selfprotection on DC overcurrents exists and is used in point-to-point HVDC links using MMC converters. It is important for the converter to have such self-protection because high currents will cause damages to semi-conductor devices such as freewheeling diodes and

IGBTs. The design of self-protections of MMC converter has not been done in our studies, because out of the scope. This paragraph only describes what has been considered in our studies.

The threshold for the DC overcurrent limit is set to 2.0 pu. The measure of current is done at the DC output of the converter and the rated current is the DC current at the DC side of the converter. Although this description is our reference, the choice of the value of 2.0 pu will be discussed later in §V.6. Moreover, in the next section, two possible approaches for the definition of the overcurrent limit are presented and compared.

II.4.1.1. Operating range of IGBTs

The triggering of the self-protection against DC overcurrent leads to the opening of the IGBTs and forces the current to flow through the freewheeling diodes (cf. §I.2.1.2). Then, a thyristor connected in parallel with the submodule is fired and the current can flow through it, in addition to the diode. The use of this thyristor is required to endure the fault current while a mechanical switch is being closed in shunt with the submodule and the thyristor in order to short-circuit them.

The first stage of this sequence of events is the command that leads to the opening of the IGBTs. Such command is triggered by thresholds on the current magnitude in order to protect the IGBT. Indeed, as soon as the current goes out of the operating range of the IGBT, a dedicated command for the protection of the IGBT makes the IGBTs open. When a fault occurs on the DC grid, the clearing must be done before the self-protection starts in order to preserve the post fault operation of the converter and to avoid its stop.

II.4.1.1.1. Focus on the current specifications of IGBTs

In the datasheet (ABB 2014), an IGBT with a maximum DC collector current IC of 1500 A and a maximum peak collector current ICM of 3000 A is considered. Such IGBT device would fit with a converter with a rated power in the range of 1.0 GW, provided that the DC and the AC line-to-line RMS voltages are both in the region of 320-330 kV.

Those two maximum values of current can be used for the definition of overcurrent limits.

Therefore it is possible to define two criteria, with an associated value for each criterion.

The IGBTs are located in the arms of the converter and the current there has an AC component and a DC component. It is possible to see this current as an alternating current with a DC offset. The sum of the three arm currents provides the DC current at the output of the converter. The alternating content disappears thanks to the sum of those balanced arm AC currents.

II.4.1.1.2. Criterion on the average current

The maximum DC collector current is the maximum average current allowed in the IGBT.

The DC collector current must remain below 1500 A.

If we consider a converter with a rated power of 1000 MW and a rated DC pole-to-pole voltage of 640 kV, the rated DC current is calculated at the DC side of the converter as following in (II-2) and (II-3). The rated current at the DC output is: IDC_rated = 1562.5 A. The average current on each arm is one third of the output, so it is: Iarm_average = 520.8 A.

A threshold foreseen to comply with the maximum DC collector current ( maximum average current allowed in the IGBT) can consider the DC current at the DC output of the converter. Indeed, the DC current does not contain any alternating content and one third of this value provides a good approximation of the effective average current in each arm.

Based on this, we suppose that the currents are balanced between the three arms.

For instance, a threshold of 2.0 pu would be equal to 3125 A and it will prevent a maximum average current of 1047.1 A in each. Such threshold would comply with the maximum DC collector current with a security margin.

II.4.1.1.3. Criterion on the peak current

The maximum peak collector current, equal to 3000 A here, is the maximum current allowed in an arm of converter. A threshold on the current magnitude in the arm can be used in order to identify any overcurrent. Calculations for the rated current of one arm are provided below, and also in a more detailed manner in the Appendix §A.1. The details of the calculations are provided in §A.1. There, the superposition principle is applied to solve this problem. At the end, it is possible to get an expression for the peak rated current in a single arm (II-6). Then, currents are substituted with their own expression in (II-7). A calculation is done in (II-8). If we consider a converter with a rated power of 1000 MW, a DC voltage of 640 kV and an AC RMS line-to-line voltage of 320 kV, the peak rated current in the arm is: Irated = 1796.6 A. At this stage, it is important to note that the peak rated arm current is greater than the rated DC current calculated in the previous paragraph in §II.4.1.1.2. The use of a 2.0 pu threshold set on the rated arm current would lead to: Ilimit2pu_arm = 3593.2 A. This current magnitude is higher than the maximum peak collector current and cannot be used. A threshold set in the range of 2500 A would better fit. Here, a converter with a rated power of 1000 MW has been considered, with IGBTs in the range of such power. The results obtained here are expressed in pu in order to reuse those values in converters with different rated power, thanks to a cross-multiplication.

II.4.1.1.4. Summary of both criteria

II.4.1.2. Privileged implementation

In theory, both criteria must be used: the criterion on the maximum DC collector current and the criterion on the maximum peak collector current. The use of both criteria improves the redundancy in real applications.

In our case, with faults on the DC side of the converter, one criterion is more sensitive than the other one. Indeed, the threshold set to 2.0 pu on the current measured at the DC output of the converter has been found to be more sensitive than the threshold set to 1.4 pu on the arm current. This assumption could be verified by simulations shown in §III.3.2.2.

In our simulations, the most sensitive criterion will be considered. It is the criterion on the maximum DC collector current with a threshold set to 2.0 pu of the current at the DC output of the converter.

II.4.1.2.1. Input parameter

The choice of the criterion and then the choice of the associated threshold could be challenged during this dissertation. Indeed, those choices directly size the operating range of the IGBTs. If those assumptions are too restrictive, it is possible to evaluate the impact of the use of a less sensitive threshold or criterion. It is why, in Table II-3 and Table II-4, less sensitive alternative sets of thresholds have been suggested. Those alternative thresholds still comply with the constraints of the IGBTs but the margin between the operating range and the limits of the component is thinner.

II.4.1.2.2. Precaution on the use of current thresholds

This subsection points out an aspect on the use of a current threshold in order to detect overcurrents.

During a fault on the DC grid, the current flows in the direction of fault location. At the DC output of the converter, the measured current increases toward the DC overcurrent limit.

If the pre-fault current goes from DC grid to the AC system, the current is approximately measured with -1 pu. Therefore, according to the direction of the current before the fault happens, the gap to reach the DC overcurrent limit is different. An illustration provided in Figure II-7 depicts the situation. There, the currents from the positive pole measured at the DC output of each converter are plotted. A converter in-feeding the DC grid has a thinner margin on DC overcurrent limit than an out-feeding converter. 

.3. Approximation made

The use of a single threshold set on the current increase only considers the magnitude of the currents. This is an approximation.

A truer way would also consider the energy in the device. Semi-conductors such as diodes or IGBTs have maximal thermal limitations. A high current over a long duration could damage the device without exceeding the DC overcurrent limit previously introduced [START_REF] Page | DC Fault Parameter Sensitivity Analysis[END_REF]. A criterion considering the heating with a [A²/s] threshold would suit.

The merging of both criteria on magnitude and heating would be the best solution to take into account the limitation of the devices.

The implementation of heating based criterion would require additional works. The DC overcurrent limit is already implemented in the VSC-MMC converter model available in the EMTP software, while the heating criterion is not. Such implementation would require a specific knowledge on the power electronic devices used, their sizing and their limits while a unique criterion based on the current magnitude is easily scalable to any converter size.

II.4.2. Discussion about the loss of a converter

As discussed before, in case either the self-protection against DC overcurrents or the one against AC voltage drops starts, the converter protects itself and stops the power transfer thanks to AC circuit breakers.

II.4.2.1. Duration of the outage

The duration of the outage depends on whether the converter has a fault blocking capability or not.

In case of fault blocking capability, the converter is able to withstand transient stop. The current drops to zero and the power flow is stopped thanks to the Full-Bridge submodules capable to apply a reverse voltage [START_REF] Marquardt | Modular Multilevel Converter Topologies with DC-Short Circuit Current Limitation[END_REF]. AC circuit breakers are not used during a non-permanent stop. The duration of the stop needs to be long enough to clear the fault. Then the converter can resume its operation and the power can flow. In case of loss of a link, possible new set point of power might be required in the DC grid.

In our study, VSC-MMC converters are equipped with Half-Bridge submodules, therefore there is no fault blocking capability available. So if the self-protections are committed, the converter will stop with a tripping of AC circuit breakers. The duration of such stop is hardly estimable, depending on whether the fault is permanent or not.

II.4.2.2. Consequences for both AC and DC grids

From the DC side, the loss of a converter will also induce an important mismatch between in-feed and out-feed powers. Major changes of the power set points would be required to restore balance.

From the AC side point of view, the loss of a converter can be assimilated to the loss of a unit. If the converter is in-feeding the AC grid, such unit is comparable to a power plant.

If the converter out-feeds the AC grid, the unit is comparable to a load. Either it in-feeds or out-feeds the AC system, the loss of a converter will cause unbalance between production and consumption. Fast actions are required in order to restore the balance of power and avoid any cascaded losses event on the AC system. Primary reserves will be first solicited.

If the power shortage caused by the converter loss is greater than the primary reserves of the AC system, an important impact must be expected on the AC grid stability. This situation could also be met if several converters are connected to a single AC system and the whole DC grid is lost. Precautions are necessary in order to avoid such situation.

II.5. Protection philosophy

One of the objectives of this thesis is to study the association of a full selective protection strategy with VSC-MMC converters made of Half-Bridge submodules working under a symmetric monopole configuration. Therefore between the philosophies introduced in §I.3.1, the chosen protection philosophy is the full selective one. The next paragraph details the reasons of this choice.

II.5.1. Justification of the choice

The choice of a full selective protection philosophy has been done according to several reasons. First of all, there is a will of applying a similar protection philosophy than in the AC transmission system. With a full selective protection philosophy, the fault must be cleared with the closest circuit breakers and the faulty zone must be as small as possible.

The fault has to be eliminated within the fault clearing critical time. By this way, the consequences of the fault are restricted to the faulty area and they should not cause any cascaded events. Then, applied to a multi-terminal HVDC grid, such protection philosophy allows maintaining in operation the healthy parts of the grid despite the fault occurrence and its clearing. Also, if a large DC grid is considered, conveying tens of gigawatts, the loss of the entire system may not be acceptable, even for a short time. It may impact the stability of the AC systems and also induce important financial losses due to the unavailability. 

II.5.2. Recourse to

II.5.2.2. Hybrid DC circuit breaker

The hybrid DC circuit breakers are a good trade-off for the extinction of currents on the DC side. They gather advantages of both mechanical and static DC circuit breakers.

According to literature [START_REF] Mobarrez | Comparative Study of DC Circuit Breakers Using Realtime Simulations[END_REF](Magnus Callavik et al. 2012), it is possible to expect from those circuit breakers the following performances:

-Expected interruption time: 2 ms;

-Maximum DC breaking current: 9 kA proven (up to 16 kA expected).

A hybrid DC circuit breaker requires the presence of an inductor in series (Ganhao 2014) [START_REF] Tahata | HVDC circuit breakers for HVDC grid applications[END_REF]. This inductor reduces the rate of rise of the current when a fault is occurring. Usually 100 mH are advised in literature (Magnus Callavik et al. 2012). In our studies, the value of the inductance will be considered as an input parameter and several values will be used, such as 0, 10 and 100 mH.

Moreover, a model of hybrid DC circuit breakers was used for the studies done in this thesis. This model built in EMTP software was developed through a collaboration agreement between RTE and the University of Aberdeen [START_REF] Lin | Modelling of high-power hybrid DC circuit breaker for grid-level studies[END_REF] 

II.5.4. Protection relays and optical fibers

Also located at the borders of the protective zones, the protection relays transmit tripping orders to circuit breakers. Algorithms capable of identifying the faulty zone are included in each protection relay.

The protection relay receives different types of information as inputs for the identification of the faulty zone. It could be orders or commands coming from other protection relays through communication devices, or it can be measurements that are used by the algorithms.

Optical fibers are used as communication channels between two distant locations. The information exchanged through the fibers can be of various types. For protection purposes, the exchange of measurements data done at each link end gives the opportunity to apply algorithms based on communications like, for instance, differential current algorithm [START_REF] Descloux | Protection strategy for undersea MTDC grids[END_REF]. Although communications give the opportunity to get more information for the identification of the faulty line, it is important to remind that delays must be considered. A delay proportional to the link length and a constant delay due to conversion and conditioning of data represent the overall delay corresponding to the recourse of optical fibers. A propagation speed through the optical fiber of 200 km/ms can be considered. The evaluation of the constant delay depends on the equipment used for the communications and providing a value is difficult.

Nevertheless, the constant delay on data conditioning must be contained between 1 and 10 ms.

II.6. Current and voltage measurements

Two types of measurements are required for the protection strategy: voltage measurement and current measurement. The voltage is measured with DC resistive voltage dividers while the current is acquired from zero flux current transformers.

II.6.1. Location of measurement devices

The measurement devices are located at each border between two protective zones, as defined in §II. 

II.6.2. Technical data

Measurements device models available in the public library of EMTP software are ideal models. In practice, the output of measurement devices is a little bit modified in comparison with the measurand. The measurand is a particular quantity subject to measurement, according to (Joint Committee for Guides in Metrology 2008). There, technical data is provided by RTE and is usually used in those types of HVDC projects (Table II-5 and Table II-6).

Rated value [kV] 320

Bandwidth These parameters are used in the model of a multi-terminal HVDC grid in EMTP software.

Ideal measurement output is modified in order to get an output signal similar to the signal obtained with the real voltage and current measurements. For instance, Figure II-11 depicts the sequence of actions applied to the voltage measurement signal. This sequence is directly built in EMTP software. A similar approach is made for current.

Figure II-11: Modification of the voltage measurement signal

The accuracy of the measurement does not appear in this modelling, neither the digitalization. To take into account the accuracy, a detailed study on measurement uncertainties and their propagations through calculations is done in the sub-section §II.6.4.

II.6.3. Choice of the time step

The choice of a time step equal to 10 µs is the result of a compromise. First of all, from a modelling point of view, the time step needs to be small enough in order to enable EMTP to solve calculations on short cables. Then, it is sometimes possible to meet sampling 

II.6.4.1.1. Calculation of the Type B standard uncertainty

A type B evaluation does not consider repeated observations (unlike type A uncertainty).

An associated estimated variance u²(x), or the standard uncertainty u(x), is evaluated by scientific judgment based on all the available information on the possible variability of X.

x is the estimation of the input quantity X.

Performing only one measurement, we consider the result of the measurements belongs to the interval µX ± a, with "µX" the expected value of the quantity X and "a" the half-width of the interval. The parameter "a" representing the half-width of the interval is the accuracy given in the datasheet of the measurement device. The variance of a continuous uniform distribution is calculated by the following way in (II-9):
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By using the equation (II-9) and by substituting "c" and "d" terms respectively by the lower and the upper limit of the measuring range [µX-a; µX+a], it is possible to obtain the variance. So, the variance of the quantity X is calculated as follows in (II-10) and (II-11):

12 )) ( ( ) ( 2 2 a µ a µ x u X X     (II-10) 3 ) ( 2 2 a x u  (II-11)
And the standard deviation is obtained thanks to a root function like in (II-12):
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This standard deviation of the measurement device is the type B standard uncertainty.

Since the type A standard uncertainty is not considered here, it is possible to say that the standard uncertainty of the measurement is calculated like in (II-12).

II.6.4.1.2. Expanded uncertainty

The expanded uncertainty is calculated as in (II-13):

) ( ) ( x u k x U   (II-13)
With:

-U(x), the expanded uncertainty of the quantity X; -k, coverage factor based on the level of confidence required for the interval; -u(x), the standard uncertainty of the quantity X.

The expanded uncertainty provides an interval that may include a large fraction of the distribution of values that could reasonably be attributed to the measurand. Thanks to a normal distribution, it is possible to provide a relation between coverage factor k and the level of confidence (cf. Table II-7) 

Table II-7: Correspondence between the coverage factor k and the level of confidence

A coverage factor of 2 has been chosen in our studies. It will ensure a level of confidence greater than 95 %.

II.6.4.1.3. Combined standard uncertainty

The combined standard uncertainty is the standard uncertainty of a quantity composed of several independent measurements. According to (Joint Committee for Guides in Metrology 2008), it is equal to the positive square root of a sum of terms, the terms being the variances or covariances of these other quantities weighted according to how the measurement result varies with changes in these quantities.

The quantity Y is function of quantities X1, X2, …, XN like in (II-14).

) ,..., , ( 2 1 N X X X f Y  (II-14)
The following calculations in (II-15) and (II-16) are equivalent and summarize the definition of the combined standard uncertainty: 
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Current and voltage

In this section, two calculations are done for both current and voltage. First the standard uncertainty is calculated. This result will be later reused. And then the expanded uncertainty, which is the parameter associated to the result of the measurement.

For current and voltage measurements, the half-width of the interval called "a" (as defined in §II.6.4.1.1) is equal to the accuracy of the measurement devices provided in Table II-5 andTable II-6. Remind that a coverage factor of k = 2 is applied.
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The expanded uncertainty is expressed with a single significant digit.

The standard uncertainty u(v) and u(i) are calculated with their rated values. A more precise way to do the calculation would consider the measured value instead of the rated one. By considering the rated value, the calculation of the uncertainty is only performed once. During a fault, the voltage on the faulty cable of the link drops and its value is smaller than the rated value. So the simplification made here is acceptable because the uncertainty is greater than the calculations made of a measured voltage. Then for the current, when a fault occurs, the current usually increases. The rated value of current considered in the data sheet (cf. Table II-6) is equal to 3000 A, which is a high value. Under 640 kV, it represents a power of 1.9 GW in the link. In our study cases, such high values of rated current are not considered. The rising time of the current, from a pre-fault state much lower than 3000 A to the value of 3000 A, is considered long enough to perform the identification of the faulty line. In other words, no current measurement higher than 3000 A will be used by any algorithm in our studies. So once again, the simplification made here by using rated value would not affect the result of the uncertainty.

II.6.4.2.2. Current and voltage derivatives

In this section, the calculations of expanded uncertainties of current and voltage derivatives are detailed. Current and voltage derivative are useful for fault detection and will be used later in algorithms (cf. §IV.1.1).

Calculations considering finite difference coefficients

Measurement acquisition and sampling leads to a digital format, with each measurement sample associated with a unique date. From that, the calculation of signal derivative can be done in a very classical way, by using a backward finite difference such as in (II-21).

Then, a similar calculation is possible to get second-order derivative like in (II-22):
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With:

-x(t), x(t-1) and x(t-2), the signal at instants t, t-1 and t-2; -∆t, the time step between two samples [s].

From (II-21) and (II-22), a table gathering the backward finite coefficients can be built (cf.

Table . This table provides a view of the coefficients used in the calculations. The sum of the squared coefficients will later appear in the calculation of uncertainties in (II-28).

Derivative order

x(t-2) Using equation (II-22), it is possible to write for the voltage derivative:

x(t-1) x(t) 1 -1 1 2 1 -2 1
t t v t v dt t dv     ) 1 ( ) ( ) ( (II-23)
And determine the combined standard uncertainty of the current and voltage derivatives.
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Two simplifications are made at this stage. First, the standard uncertainty of the voltage measurement is the same at any time sample (cf. (II-25)). This assumption is acceptable because each measurement is made with the same device, so the accuracy is exactly the same. Furthermore, the standard uncertainty on the time step is considered equal to zero, as in . This second assumption is further detailed in §A.2.
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So, the calculation becomes:

2 2 ) ( 1 ) ( 1 ) (                    v u t v u t dv u (II-27) 2 ) ( 1 ) (     v u t dv u (II-28)
The calculation of the combined standard uncertainty of the second derivative voltage can be done by the same way:
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From the equation of the second order voltage derivative in (II-30), it is possible to calculate the combined standard uncertainty thanks to the partial derivative technique.
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The same assumptions are made at this stage. The standard uncertainty of each sample is considered the same and the standard uncertainty on the time step equal to zero. We get:
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From equations (II-28) and (II-32), it is possible to see that the square root is applied to the sum of the squared coefficients from Table II-8. Also, the time step appears at the denominator, increasing a lot the result. Similar calculations are applied to current, and an overall table will summarize all the results (cf. Table .

The result of the combined standard uncertainty calculation must be as low as possible. It is possible to identify three ways to reduce this result:

-Increase the time step; -Use measurement devices with a better accuracy; -Reduce the sum of the squared coefficients from Table II-8. The first solution is not possible because the use of a higher time step might cause the non-observation of transient phenomena. The time step is currently set to 10 µs. An easy way to get a better result is to consider another calculation of the derivative signals. The last solution must remain the use of more accurate measurement devices.

Calculations of first order current derivative thanks to inductances

The presence of an inductance at each cable end gives the opportunity to evaluate the current derivative through it. This inductance is located at the cable end due to the recourse of DC circuit breakers. The next equation reminds the link between the voltage across an inductance and the current flowing through:

dt di L U L L   (II-33)
With:

-diL/dt, the first order derivative of the current through the inductance [A/s];

-UL, the electric potential difference between both sides of the inductance [V]; -L, the value of the inductance [H].

Thanks to the voltage measurements done at each side of the DC circuit breakers, it is possible to obtain the inductance voltage and therefore to know the current derivative (II-34). V1 stands for the voltage measured at the converter side of the DC circuit breakers while V2 is the voltage at the cable side.

L V V dt t di L 2 1 ) (   (II-34)
Then, calculation of the combined standard uncertainty is done with partial derivatives.
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It is possible to do the assumption that the measurement of the inductance is accurate enough in order to say the uncertainty on its measurement is equal to zero. It is also possible to say that the standard uncertainties on the voltage measurement are all the same because they are from the same device. So the equation becomes:
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This technique for the calculation of the current derivative does not require the time step.

So the combined standard uncertainty does not depend on the time step. However, this technique for the current derivative calculation considers voltage measurements instead of current measurements. The accuracy and the measuring range are not same. The voltage measurement device cannot perform any measurement below 0.1 pu. So, if one of the two voltage measurement devices goes out of its measuring range, the calculation of the derivative current is wrong. This is the main reason why this technique could not be used in our case. Moreover, the accuracy for the voltage measurement is worse than for the current.

Calculations considering a Savitzky-Golay filter

The Savitzky-Golay algorithm is a digital filter which is capable to increase the signal-tonoise ratio. It provides coefficients in order to extract the different derivatives from a digital signal. In the Table II-9 below, two sets of coefficients are shown and will be used.

Derivative order

x(t-4) The calculations of the combined standard uncertainty of first-order and second-order derivatives are done here with a similar procedure to the one performed in the previous paragraph. First, the square root of the sum of the squared coefficients is calculated.
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Then the combined standard uncertainty of the first-order voltage derivative is directly calculated by using (II-37):
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And then the second-order derivative of the voltage is found by using (II-38):
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The use of this smoothing filter allows reducing the combined standard uncertainty of the first-order voltage derivative thanks to the use of specific coefficients. The term √2 (≈ 1.4142) has been replaced by a coefficient equal to A1 = 0.1291. Therefore, the result is almost 11 times smaller. Identically for the second-order voltage derivative, with the Savitzky-Golay filter the term √6 (≈ 2.4495) has been replaced by the coefficient A2 = 0.1140. The combined standard uncertainty is almost 22 times smaller.

The calculations shown here provide combined standard uncertainties. For the expanded combined uncertainties, a multiplication with the coverage factor k is required. In this section, only the calculations related to the voltage derivatives have been shown but calculations are the same for the current. Table II-10 summarizes the results of calculations. The expanded uncertainties listed above must be compared with the measurements and the calculated derivatives. Voltage measurements and voltage derivatives have high uncertainties in comparison to current because of the difference of accuracy between measurement devices. In both cases, second-order derivative uncertainties are huge.

II.6.4.3. Summary of calculations

The Savitzky-Golay algorithm meaningfully reduces uncertainty results. This filter will be used to calculate the derivative signals. The only drawback is the presence of forward coefficients in the calculations. In our case, it involves a delay of four samples of time, equivalent to 40 µs. This duration of 40 µs remains low in comparison to the opening process of hybrid DC circuit breakers which is at least 2 ms long.

II.7. Introduction of test HVDC grids

Two HVDC systems are used in our studies. It mainly consists of:

-A point-to-point HVDC link;

-A 6-terminal HVDC grid.

Both considered systems include all the recommendations listed in this chapter ( §II). Only This system is not a multi-terminal grid but it is sufficient to perform simple studies. For instance, it had been used in §II.2.1.2 to compare responses between models 1 and 3 of VSC-MMC converter from EMTP software and also in §II.4.1.2.2 for the illustration of the DC overcurrent limit. This first HVDC system mainly allows the study of the phenomenon involving the converter. There is no need to use a bigger structure if the study focus on the DC output of the converter. 

II.7.2. 6-terminal HVDC grid

II.8. Conclusion

An in-depth introduction of our study case has been done in this second chapter. All useful information on the modelling is detailed in order to provide the most accurate description of its implementation in EMTP software. It completes the information already provided in the Chapter 1 dedicated to the state of the art. The study on the measurement uncertainties and their propagation through calculations are an important input which will be used later to validate the possibility to implement algorithms for identifying the faulty link. Calculations of uncertainties are based on the knowledge of the accuracy of the measurement devices.

The next chapter will focus on the observations of faults on the DC system. DC side faults cause major variations of current and voltage throughout the whole DC grid. Their observation will provide useful information for the implementation of a protection strategy.

III. Observations of faults on the DC system

Chapter III: Observations of faults on the DC system The third and last part of this chapter introduces the notion of critical fault for a converter.

A critical fault is a low resistance fault that causes a current surge that reaches the DC overcurrent limit of a converter. Such faults must be quickly cleared before the selfprotection of the converter triggers.

III.1. Faults in a point-to-point DC link

Faults in DC systems are investigated in this chapter. This first section only focuses on a point-to-point DC link where basic observations are performed at both DC and AC sides of the converter. In the next paragraph, the multi-terminal HVDC grid with six terminals presented in §II.7.2 will be considered for more detailed studies.

Before starting any observation, it is important to note that no self-protection of the converter is enabled at this stage. The idea is to observe signals in this chapter even if one converter provides a current beyond its DC overcurrent limit. In the next chapters, a particular attention will be given to the compliance with the overcurrent limit. In the pole-to-pole fault case, we can notice that, except the sign, the current curves are identical on both poles because the fault is balanced between those poles.

III.1.1. Comparison between pole-to-ground and pole-to-pole faults

The DC overcurrent limit (green curves) set to 2.0 pu is reached by the current at the DC output of the in-feeding converter either for pole-to-ground or pole-to-pole faults. There are two twin green curves, one for each pole. The DC overcurrent limit is not reached by the current from the out-feeding converter during a pole-to-ground fault. This observation can be explained because the pole-to-ground fault induces a small steady state fault current from the AC side. Also, the distance between the fault and the measurement locations is equal to 200 km. These two reasons explain why the overcurrent limit is not exceeded here.

III.1.1.1.2. Voltages

In the same way as for currents, the DC voltages are plotted below in Figure III-4 for voltages from the in-feeding converter and in Figure III-5 for voltages corresponding to the out-feeding converter. Voltages are measured between the pole and the ground, at the converter output (not at the cable side of the inductor). The voltage of the faulty pole (blue curves) decreases. The same property applies to the voltage on the negative pole of the pole-to-pole fault case because it drops toward zero.

It is not exactly zero because the voltage measurement devices have a measuring range contained between 32 and 640 kV (as described in §II.6.2). When the voltage grows smaller than the lower limit of the measuring range, the output remains equal to 32 kV.

On figures with DC voltages, as soon as voltage saturation appears, the ideal curve of the When a fault occurs on the DC system, the current flows through the converter in direction of the fault location. For the reason, the currents increase on the faulty pole (positive pole) at the DC output of the converter. Then the voltages decrease on the faulty pole. The main difference between the pole-to-ground and the pole-to-pole fault cases deals with the DC pole-to-pole voltage. In the first case, the converter can still apply a DC pole-to-pole voltage close to its rated value while in the second case this voltage collapses.

The provision of a DC pole-to-pole voltage close to the rated value avoids a significant increase of current during the fault. In each case, during a fault on the DC grid, the VSC-MMC converter equipped with Half-Bridge submodules (our case) will behave like an uncontrolled diode rectifier and let the current go from the AC side to the DC grid. The reverse assumption is not true: the converter will not let the current flow from the DC side to the AC side in case of fault on the AC part.

III.2. Faults in a multi-terminal HVDC grid

In this second part, an HVDC grid is considered for the observations of fault. Unlike the previous part, all curves of currents and voltages will not be shown but only some of them in order to illustrate relevant aspects. Even if pole-to-pole DC faults and 3-phase AC faults have been introduced previously, the observation will now focus on pole-to-ground faults.

Since the study has focused on an HVDC system based only on cables, the pole-to-ground faults are more likely to happen in comparison with pole-to-pole faults (cf. §II.3.1).

The following case (cf. 

. DC current circulations during a DC fault

The current measurements are positive when the current flows from the converter to the cable on the positive pole. In order to facilitate the readability of curves, current and voltage measurements from the negative pole are multiplied by (-1) in order to reverse their sign. Therefore, in a pre-fault stage, currents and voltages from both poles will look identical on the figure. Moreover, during a fault, the variation of current and voltages will be similar whatever the faulty pole is. 

III.2.1.1.1. Observations of the faulty link

III.2.1.1.2. Observations of healthy links

It is also possible to observe currents flowing in the grid from other locations. When a fault happens, the current on the faulty pole of the faulty link always increases.

On healthy links, the measured current on the faulty pole can increase or decrease, like in Figure III-16. The only observation of an increasing current is not sufficient to conclude that a fault is occurring on the cable where the measurements are done. But, the reverse idea is true. Indeed, the only observation of a decreasing front wave of current is sufficient to conclude that there is no fault on the considered cable. This principle is fundamental in the deployment of non-communicating selective algorithms capable of identifying the faulty link and based on current measurements. But the presence of inductances due to the presence of DC circuit breakers increases the equivalent electrical length of each link and makes more difficult the circulation of current from a link to another one. So, in our case with inductances, there are no risks to observe any decrease of current at the end of a faulty link on the faulty pole.

The identification of the faulty pole can be easily done by identifying the first current, between the currents of both poles, whose magnitude increases after the fault occurrence. A threshold on the current magnitude can be used for this purpose. The propagation of the effects of the fault to the healthy pole takes some time and therefore the observation of the fault on this healthy pole is a little bit delayed. 

III.2.1.1.3. Observations of current derivatives

III.2.1.2. Fault current sources

The surge of current in the multi-terminal HVDC grid is caused by different sources of current. This section will introduce three types, like in [START_REF] Bucher | Contribution of Fault Current Sources in Multi-Terminal HVDC Cable Networks[END_REF].

III.2.1.2.1. Capacitive discharge of cables

As soon as the fault has occurred, a surge of current caused by the capacitive discharge of each cable happens. This contribution is the first to happen after the occurrence of a fault.

The current measurement devices located at the DC output of the converter only measure current from the converter and do not see this current while the measurements done at each link end are capable of observing the capacitive discharge. The current from the capacitive discharge of any cable flows toward the fault location. In this way, it is possible to measure it with measurement devices located at cable ends. The capacitive discharge of the faulty cable itself is, in theory, not measurable because it will directly flow in the fault without crossing any current measurement device. 

III.2.1.2.3. Contribution of the external AC systems

The third identifiable source of fault current is the external AC system. Indeed, during a fault on the DC grid, the converter works like a diode rectifier and let the current flows through it. With the symmetric monopole configuration of the HVDC system, the contribution of the external AC system is low under a pole-to-ground fault while this contribution is much higher during a pole-to-pole fault. It is possible to refer to Figure III-2 and to §III.1.1 to observe the difference between both pole-to-ground and pole-to-pole fault cases. The contribution of the external AC system to the fault current is, in theory, not limited in time unlike the capacitive discharges previously introduced. In real applications, self-protections of the converter and AC breakers will not let the AC system indefinitely feeds the DC fault.

III.2.2. Observations of voltages in the DC grid

III.2.2.1. Voltages on a faulty link

As it is mentioned in the previous section, voltage measurements from the negative pole are multiplied by (-1). It is important to remind it before proceeding to any observation. The description of signals under fault conditions made in this section provides a basis for the deployment of algorithms capable of identifying the faulty link.

III.2.2.2. Voltages measured on healthy links

III.2.3. Type of faults

Since only cables are considered in our study case, the most probable faults that could happen are permanent pole-to-ground faults. The protection strategy considered here mainly focuses on those faults. Pole-to-pole faults can still happen but they are unlikely in a cable system. Nevertheless, the maximum current magnitudes will be taken into consideration for the sizing of equipment. For instance, the converter must be capable to endure high currents while it protects itself when a pole-to-pole fault happens. It is acceptable to lose a converter in case of unlikely events such as pole-to-pole faults.

The recourse to a full-selective protection philosophy involves a definition of four protective areas (cf. §II.5.3): link, busbar, converter and AC side.

III.2.3.1. Faults on links

The faults occurring on links must be isolated thanks to DC circuit breakers located at each end of the link on both poles. An internal fault from the point of view of a protection relay is a fault located on the link where the relay is. Reciprocally, an external fault from the point of view of the protection relay is located on another cable, where the considered relay is not located. The notion of internal/external faults is important when we are dealing with non-communicating algorithms for fault detection. Such algorithm can conclude whether the fault is internal or external to the protective area of the protection relay.

III.2.3.2. Faults on busbars

A fault on the busbar leads to the tripping of the DC circuit breakers located at the converter DC output and those located on each link connected to the busbar. The tripping of the DC circuit breakers located on the links is required in order to avoid the propagation of the fault to the entire DC grid. The tripping of the DC circuit breaker at the converter DC output might not be required. Indeed, either if the breakers trip or the self-protection of the converter acts, the transit of power is stopped. In AC transmission systems, the busbar are double, and if a fault happens in the first busbar the power transit is switched to the second busbar which is in parallel to the faulty one. Such arrangement should not be included in the building of the busbar in DC grids, due to the probable high cost of DC circuit breakers. The presence of a fault in the protective zone of the busbar leads to the loss of the power transit from the converter and the loss of the connected links. This situation brings the question of the need of keeping a converter under operation if it is physically disconnected to the rest of the DC grid due to a fault on the busbar.

The protection relays located on the neighboring links of a faulty busbar may identify this kind of fault as an internal fault, meaning a fault in the cable instead of the busbar. This error has no consequences because the busbar will suffer a permanent stop due to the fault. Such approximation can mitigate the complexity of the setting of thresholds for fault detection algorithms capable of discriminating internal and external faults.

III.2.3.3. Faults internal to the converter or at AC side

A fault happening in the converter has not been considered in this thesis. It is out of the framework and it implies going in the MMC models for the implementation of faults. The faults on the AC side of the converter are also excluded. Anyway, close AC non-resistive faults are observed in our studies (like in §III.1.2) in order to verify that our protection strategy is insensitive to faults on the AC side.

III.2.4. Observations specific to antennas

Antennas are present in the medium size test DC grid considered here. The observations of currents and voltages made at the remote end of an antenna may differ in comparison with the observation made in the meshed part of the grid. To avoid any confusion, the denomination remote end of an antenna means the end of the antenna which is not connected to the rest of the DC grid but only to a converter.

First of all, the measured current at the remote end only comes from the converter.

Indeed there is no adjacent cable and therefore no capacitive discharge from cables. The measured current is much lower than the current which is observed in the meshed part of the DC grid and thus the derivative signals are also smaller.

Then, between the antenna and the converter, there should be only one DC circuit breaker or maybe none. Indeed, it is possible to assume that if a fault is occurring on the antenna, there is no need to use a DC circuit breaker located between the antenna and the converter. A fault on the antenna irreparably leads to an interruption of the power transmission, so the converter can be disconnected from the AC side. In comparison to the meshed part of the DC grid, where breakers are located at cable ends and converter DC outputs (which means two inductances), the antenna should have one or zero inductance in series between the cable and the converter. The rate of rise of the current at the DC output of the converter located at the end of the antenna will be greater than for the converters located on the meshed part.

Though those pros and cons, in our studies, a DC circuit breaker is considered at the end of the antennas, on both poles, located between the cable and the converter. In this dissertation, investigations are made to see if it is feasible to apply the same algorithms for fault detection either in the meshed part of the DC grid or in the radial parts. And then, our studies will try to show if it is possible to disconnect the antenna before the converter triggers its self-protection on DC overcurrents. Those two arguments encourage us to consider a DC circuit breaker located at each remote end of antennas.

III.3. Compliance with the overcurrent limit

As it had been introduced in §II.4, the exceeding of the overcurrent limit by the current at the DC output of the converter must be avoided. If the fault is cleared before the current of any converter reaches the limit, then the continuous operation of the remaining parts of the DC grid is preserved.

III.3.1. Critical fault

In this section, the notion of critical fault is introduced. In the context of a full selective protection philosophy, a critical fault can be defined as an internal fault with a fault resistance low enough to cause the exceeding of the overcurrent limit of the two closest converters located on both sides of the faulty link. In other words, from the point of view of a converter, a critical fault is a fault occurring on an adjacent link with a fault resistance low enough to cause the triggering of the overcurrent protection of the considered converter.

III.3.1.1. Determination of the critical fault domain

The critical fault domain, from the converter point of view, gathers all the fault cases that lead to the exceeding of the DC overcurrent limit. For a single converter, the faults belonging to the critical fault domain are located on the adjacent links.

Considering one converter, it is possible to search at a specific location the maximum fault resistance beyond which the current at the DC output of the converter will not reach the overcurrent limit. This research is done on each adjacent link at several locations. For instance, on Figure III-22, the converter #2 is considered for this analysis (cf. Figure . The two adjacent cables are Link12 and Link23. At 0 km on the Link23 (blue curve), a fault with a resistance smaller than 29 Ω will cause the exceeding of the overcurrent limit of converter #2. If the fault resistance is higher than or equal to 29 Ω, the converter will continue its operation despite the fault. Generally, any fault located on the Figure III-22 below the blue curve for the Link23 (or any fault located below the red curve for the Link12) will trigger the self-protection of the considered converter. The maximum critical fault resistance decreases with the distance. Indeed, if the fault location is far from the converter, the apparent resistance from the point of view of the converter corresponds to the cable and the fault. So it is normal to find smaller maximum critical fault resistances in far locations than in close ones.

At this stage, it is important to remind that the DC overcurrent limit is set to 2.0 pu and only the pole-to-ground faults are considered. Due to the symmetric monopole configuration, the fault current remains low in comparison to pole-to-pole faults.

It is possible to meet low resistive external fault that could eventually trigger the DC overcurrent limit of a converter. With compliance with the full selective protection philosophy applied here, those fault cases are not taken into account in the definition of critical faults. Those fault cases should threaten other converters which are closer and should be seen as critical faults by those closer converters. The two protection relays located at both ends of the faulty cable will identify those faults as internal.

III.3.1.2. Critical fault resistance range

In order to identify faults which cause the triggering of the DC overcurrent limit, fast algorithms capable of identifying the faulty link must cover the critical fault domain introduced before. For that purpose, we made the choice here to consider the maximum critical fault resistance at the farthest location of the link. This value defines the upper limit of the critical fault resistance range while 0 Ω is the lower limit. By considering only two ranges, some protection relays see their critical fault resistance range much bigger than the maximum critical fault resistance at the farthest location.

With a specific range for each protection relay, the implementation of an algorithm would have been a long process but thresholds would have been more easily found.

A fast algorithm capable of identifying the faulty link is required to cover the critical fault domain defined earlier in this section. A slower algorithm can be applied to identify faults with a fault resistance higher than the critical fault resistance. Such association combining a fast and a slower algorithm has already been suggested in [START_REF] Marvik | A two-layer detection strategy for protecting multiterminal HVDC systems against faults within a wide range of impedances[END_REF]. This association will be further detailed in the next chapter (cf. §IV).

III.3.2. Available time for clearing the fault

To avoid the loss of the converter, the fault must be cleared before the current reaches the DC overcurrent limit defined for the converter. The time during which the fault must be cleared is the duration from the instant the current starts to increase at the DC output of the converter to the instant the current reaches the DC overcurrent limit.

The allowed time for clearing the fault depends on the DC overcurrent limit and on the size of inductances. Indeed, with a high DC overcurrent limit, the time that the current needs to reach this limit will be greater. The size of inductances directly influences the slope of the current rise.

III.3.2.1. Influence of the size of the inductances

The observation of a fault with 0 Ω of resistance located on a cable at 0 km from the converter will produce an estimation of the available time for clearing the fault. On The choice of a higher DC overcurrent limit implicates longer rising times. This solution might be required if not enough time is available for the tripping of DC circuit breakers.

Table III-2 gathers the minimum rising times which have been assessed in the test grid.

Faults have been done with a fault resistance of 0 Ω in several locations on each link. The objective of such a table is to show the shortest rising time for each converter. It includes results got with 2.0 pu and 2.5 pu on the DC current and 1.4 pu on the arm current. An additional column is present in this table and shows the rated power of each converter.

This information highlights the fact that a converter with a high rated power has a high DC overcurrent limit and therefore a longer rising time than converters with smaller rated power. Indeed, converter #1 has only a rated power of 400 MW and has got the shortest rising time among the first four converters which are located in the meshed part of the grid.

With Table III 

III.4. Conclusion

The first two parts of this chapter have focused on the observation of current and voltage measurements through a symmetric monopole HVDC system. It prepares the ground for the description of algorithms capable of identifying the faulty link which will be introduced in the next chapter.

Since our study considers a multi-terminal HVDC grid based on cables only, the most likely faults to happen are permanent pole-to-ground faults. With the symmetric configuration used here with no neutral reference on the DC side of the converter, the pole-to-ground fault case causes a shift of the DC voltage. Indeed, the voltage on the faulty pole will drop to zero while the voltage on the healthy pole will increase to 2 pu. This elevation of the potential is normal because the converter continues to apply a DC pole-to-pole voltage close to its rated value though a fault affects a pole. Due to the preservation of the DC pole-to-pole voltage at the DC side of the converter, the steady-state current magnitude would be small, if we assume the fault is not cleared and no protection acts.

The observations of current circulations in a meshed HVDC system have shown that the first current surge, occurring after the fault happens, flows toward the fault location. This is particularly true at both ends of the faulty pole of the faulty link where positive surges of current will be identified. As it had been discussed in §III.2.1.1, the orientation of the front wave of current (or the front wave peak on the current derivative) can be used in order to identify the faulty link. This front wave is, in the first milliseconds, mainly made of the capacitive discharge of the cables.

Finally, the DC overcurrent limit introduced in Chapter II has been used here (cf. §III.3) to introduce the notion of critical fault. For a considered converter, a critical fault is a fault with a low resistance and internal to an adjacent cable. The magnitude of the current surge caused by the critical fault occurrence will trigger the self-protection on the DC overcurrent of the considered converter. Two different criteria have been compared: a criterion on the maximum current in each arm and a criterion considering the DC current at the DC output of the converter. For this last one, two thresholds have been considered.

Our study uses a 2.0 pu threshold on the DC current but it is possible to consider a less restrictive criterion.

The identification of all the critical faults led us to the definition of a critical fault domain for each converter. Then those critical fault domains have been transposed to each protection relay with the definition of a fault resistance range. This fault resistance range is applied to a protection relay and it includes the critical fault domain of the neighboring converter on the cable where the protection relay is located. Those ranges will be used later in this dissertation to set fast algorithms capable of identifying the faulty link throughout the fault resistance range.

The next chapter will introduce the protection strategy applied to the 6-terminal HVDC grid considered in this thesis. This protection strategy will mainly focus on links made with cables by introducing algorithms capable of identifying the faulty link. Then, based on the assumptions made during chapters II and III, the results of the strategy will be discussed.

The compliance of the DC overcurrent criterion remains an important point during the fault clearing process because it guarantees the continuous operation of the converter.

IV. Protection strategy for HVDC grids with cables

Chapter 

IV.1. Suggestion of fault detection algorithms

This paragraph will introduce the algorithms used in this thesis to identify faults in the test DC grid. One is non-unit: it means it does not require communication coming from other remote relays to operate. This non-communicating algorithm has been developed during this thesis. The other algorithm is a communicating algorithm based on differential current and it had already been introduced in [START_REF] Descloux | Protection strategy for undersea MTDC grids[END_REF].

IV.1.1. Non-unit selective algorithm based on derivative signals

The introduction of this selective algorithm has been done in [START_REF] Auran | Non-unit full selective protection algorithm for MTDC grids[END_REF]). The description made here considers inductances of 100 mH and the algorithm is applied in the medium size test DC grid (see Figure IV-1). The algorithm can also be implemented with an inductance of 10 mH with the same approach as it had been shown in the article.

The choice of 100 mH has been done here in order to match with the choice of the inductance size made earlier in this dissertation. At this stage, it is important to note that for the introduction of the algorithm, the measurement uncertainties (cf. §II.6.4) are not considered. Their impact will be taken into account in the next paragraphs within this chapter.

IV.1.1.1. Illustrative fault cases

The illustration provided on The negative threshold on the voltage derivative is set in order to detect fault in a wide area of the MTDC grid from 0 to 50 Ω, even far fault location. Then the opposite value is chosen for the positive threshold. The setting of the positive threshold is made arbitrarily.

This threshold is not primordial in the process of fault detection, and it is only used to identify the healthy pole preventing transients following the first wave peak to be considered as a front wave peak. Those two thresholds must never be reached by normal operations such as a change of the power setpoint or a fault on the AC side. However, any DC fault case up to 50 Ω through the DC grid must result in an overreach. If a relay with a fault resistance range equal to [0; 110] Ω was considered, the value of 110 Ω would have been used for those thresholds on the voltage derivative.

In case of a pole-to-pole fault, there are two faulty poles. So the first criterion will be satisfied for both poles. Then second and third criteria will start and run independently.

Different thresholds can be set for the third criterion to treat signals caused by both poleto-pole and pole-to-ground faults. 

IV.1.1.2.2. Second criterion

The second criterion works with the current derivative calculated at each link end on each pole. It can be validated only after the first stage has been satisfied. Now, the algorithm focuses only on the faulty pole.

When a fault occurs somewhere in the DC part, currents are modified in the whole MTDC grid. Those changes cause the increase or the decrease of the current measured at each cable end. The current derivative shows a peak when the current undergoes a step. This second criterion considers the direction of the first peak of the current derivative. For a faulty link, on the faulty pole, the current derivative shows a positive peak at each end of the link. This rule is always true. On the faulty pole of a healthy link, positive or negative peaks can be observed. So, it is not possible to conclude that the fault is internal when a positive peak is observed. But it is certain that the fault is external when a negative peak is observed at a protection relay location.

On 

Figure IV-4: Current derivative seen at protection relay PR23

To identify the direction of the front wave peak of the current derivative, two thresholds are used. The upper limit of the fault resistance range is used in order to set the value of the negative threshold of the current derivative. So, a remote external fault with high resistance, that induces a negative peak on the current derivative observed at the corresponding relay, is used to set the negative threshold. Then a mirror value is used for the positive threshold on the current derivative. This second criterion focuses on the detection of negative peaks so it is required to set another threshold to also detect positive peaks in order to be sure that only the front wave peak is observed. The positive threshold should not be reached by normal operation signals and must be exceeded by positive peaks under fault conditions. Any internal fault cases and also some external fault cases will exceed this positive threshold.

When the negative threshold is reached, the algorithm ends up by concluding that the fault is external. If the positive threshold is exceeded, the algorithm uses its third criterion.

The possible outputs of this second criterion are depicted on Figure IV-5. Here, the input is the current derivative from the faulty pole. The faulty pole has been previously identified by the first criterion. If the second criterion is validated, the algorithm will use the last criterion which is capable of discriminating whether the fault is internal or not. 

.4. Conclusions

This algorithm is claimed to be non-unit and selective. The algorithm can be applied in protection relays located at each link end, even those located at the remote end of antennas. It is not intended to identify faults in the busbar. Based on the observation of the front wave peak of current derivatives (first and second order) and voltage derivative, this algorithm is fast. Durations are introduced on Table IV-3 in §IV.3.3. For 0 Ω, it identifies the faulty link in less than 100 µs. In §IV.2.2, the impact of uncertainties will be considered.

This algorithm is able to cover the whole critical fault domain defined in the §III.3. Any pole-to-ground faults that could trigger the DC overcurrent protection is detected in a selective way by this algorithm.

IV.1.2. Communicating selective algorithm based on differential current

This section introduces an algorithm capable of identifying the faulty link in a multiterminal HVDC grid in a selective way. This algorithm is based on differential current calculation and requires communications between both ends of each single link. Such algorithm has been designed in [START_REF] Descloux | Protection contre les courts-circuits des réseaux à courant continu de forte puissance[END_REF]. During those thesis works, it has been used in the protection strategy and implemented in the EMTP software.

IV.1.2.1. Principle

The Kirchhoff's current law is applied to each cable. The current measurement devices are oriented in order to measure a positive current when the current flows toward the middle of the cable on the positive pole. Those devices have a reverse orientation on the negative pole, as explained in III.2.1.1. Both current measurements done at each cable end are added. For instance, a calculation is shown in (IV-1).
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With:

-Idiff_Link12_PLUS, the differential current calculated for the Link12, on the positive pole [A] and available at both link ends; -I12_PLUS, the current measured on the Link12, at the cable end close to converter #1, on the positive pole; -I21_PLUS, the current measured on the Link12, at the cable end close to converter #2, on the positive pole.

In normal conditions, the sum of currents is near zero. It is not exactly equal to zero due to conduction losses of the cables. The differential current calculated for a pole of a link is the same at both ends of the link. During a fault, on faulty links, the sum of current applied to the faulty link increases a lot due to the current circulation in the fault. Indeed, the current which is flowing in the link is now different than the current flowing out. The differential current of the faulty link shows an increasing front wave which is easily identified thanks to a threshold.

On healthy links, the differential current remains near zero. This assumption is only true during the fault steady state. During the first milliseconds, variations of the differential current happen. The effects of the fault first reach one end of the health link before the other side. There is a time shift between the effects of the fault to each link end due to the length of the link. When the differential current is calculated, current measurements are synchronized in order to be summed. The first side of the link which is affected by the effects of the fault is the one closest to the fault (between the two link ends) where a decrease of the current is always observed. Therefore when the current starts to decrease at one side of the link, the other side of the same healthy link is still close to its rated value.

So the differential current shows a decrease in the first milliseconds after the fault occurrence. The observation of a decreasing front wave of the differential current therefore means the fault is external.

IV.1.2.2. Thresholds

The identification of an increase of the differential current means the fault is internal and the circuit breakers must trip. A unique set of threshold is applied to each protection relay of the medium size DC grid:

-Positive threshold on the differential current: IDIFF_pos_thr. = + 450 A; -Negative threshold on the differential current: IDIFF_neg_thr. = -10 A.

The negative threshold is set to a low value in order to be sensitive to far external fault with high resistances so as to provide a blocking order. The positive threshold is easily set due to high magnitudes of the differential current in faulty links. The setting of those thresholds is independent of the rated power of the converters.

High fault resistances can be selectively discriminated with this algorithm based on the differential current. According to our studies in the 6-terminal test DC grid, it has been possible to set the algorithm over a fault resistance range such as [0; 400] Ω. The decision to consider the value of 400 Ω as upper limit of the fault resistance range covered by the algorithm was taken in this thesis. It would have been probably possible to consider a higher upper limit.

IV.1.2.3. Synchronization of data and delays

The sum of currents must consider the date of the measurements. Therefore, the differential current can be calculated only once all currents of the same instant are available. For instance, if a first current is available at the instant t1 and a second current only available at t2 = t1 + 5 ms, the result of the differential current calculation at t1 will be available at the instant t2, with a delay equal to the difference between t1 and t2.

As it has been already discussed in §II.5.4, a delay appears in the use of communications. This delay is made with a constant part and a variable part. This last one depends on the propagation delay through the optical fiber and the length of the link, while the constant part corresponds to delays related to the data conditioning. In AC transmission system, protections based on communications also exist. According to RTE, for such protection, delays appear for sampling (≈ 2 ms), filtering (≈ 10 ms) and synchronizing stages. Sampling frequencies are in the range of 2-10 kHz, whereas 100 kHz are considered in this thesis (cf. §II.6.3). The sampling stage should be in our case shorter than the AC case. Then the filtering stage is required in AC to identify the 50 Hz content, this stage should not be required in DC. To reduce all the delays as much as possible, it is important to consider an optical fiber dedicated to protection purposes, directly connected to relays and without interfaces.

IV.1.2.4. Illustration

In the illustration below, two fault cases are shown and compared to each other. An internal fault known as "Fint" and shown in Figure IV-1 but with a fault resistance of 400 Ω, and the external fault "Fext2" (with 0 Ω) are considered here. They are pole-to-ground faults and the positive pole is affected by the fault. For both fault cases, the differential current on both poles is calculated at the protection relay PR23. This differential current would be identical in protection relay PR32 if we have plotted it. First of all, the identification of the faulty pole between the positive and the negative poles is clear. The first signal to reach one of two thresholds corresponds to the faulty pole.

Then, as it is possible to see on Figure IV-9, a protection relay located at the end of a faulty link sees an increase of the differential current. This observation is only possible in faulty link. For external faults, the front wave peak shows a negative peak which is easily identifiable.

On Figure IV-9, only the delay related to the propagation through the optical fiber is considered. The considered link is the Link23 in the 6-terminal test DC grid. This link is 210 km long and a propagation speed through the optical fiber of 200 km/ms is used. The propagation delay of the information through the optical fiber is equal to 1.05 ms in this case. Constant delays corresponding to synchronization and data conditioning stages are not shown in Figure IV-9 because we do not know them. As it was discussed in §II.5.4, those constant delays must be contained between 1 and 10 ms. Even if the most optimistic value is chosen for the constant delays with 1 ms, the total delay would be equal to 1 + 1.05 = 2.05 ms. Following this delay related to the use of the optical fiber, we need to consider the opening duration of an hybrid DC circuit breakers which is at least equal to 2 ms (cf. §I.2.3). The overall time would be in the most optimistic case greater than 4 ms. Back to §III.3.2, it has been shown that the time for clearing the fault in our system is much shorter than 4 ms for the low resistance faults. Therefore, the identification of the faulty link by the differential current algorithm is not fast enough in order to avoid the triggering of the DC overcurrent self-protection of the converters during low resistive DC faults. This is the reason why non-unit algorithms are required in order to save time.

IV.1.2.5. Differential current applied to a busbar

Such fault detection algorithm based on the differential current can be applied to a busbar. The sum of currents measured at each cable connected to the bus bar is equal to zero during normal operations. There is no delay related to the propagation through the optical fiber because all the measurements are done at the same geographical location (around the busbar). When a fault external to the busbar happens, the sum of current remains close to zero while it increases a lot if the fault is occurring in the busbar. Tripping orders are therefore provided by such algorithm to DC circuit breakers located on each link connected to the busbar in case an internal fault to the busbar is identified.

In this chapter, the protection strategy mainly focuses on faults on cables. Faults on busbars are not done in the validations of the protection strategy presented in §IV.3. The identification of busbar faults is simple with an algorithm based on differential current.

IV.1.2.6. Conclusion

The differential current calculated for each link provides useful information for the identification of the faulty link. Indeed an algorithm based on the differential current is capable to identify the faulty link in a selective way, on a large fault resistance range (up to 400 Ω) and for both pole-to-ground and pole-to-pole faults.

The main and only disadvantage in the use of a communicating algorithm is the recourse to communication devices. Though optical fibers are the fastest solution known, their use involves delays that are too long in the case of low resistive faults (faults within the critical fault resistance range).

IV.2. Implementation of the non-unit selective algorithm

As it has been introduced in §III. 

IV.2.2. Approach with measurement inaccuracies IV.2.2.1. Remind on uncertainties

The results shown in Table IV-1 come from §II.6.4.3. Those results are the expanded uncertainties of the current and voltage measurements and their derivatives calculated thanks to the Savitzky-Golay algorithm. 

Expanded uncertainty

U(v) [V] 2E4 U(i) [A] 7E0 U(dv) [V/s] 3E8* U(di) [A/s] 9E4* U(d²i) [A/s²] 8E9*

IV.2.2.2. Use of uncertainties and setting of thresholds

In order to take into account the uncertainties, the threshold of the non-unit selective algorithm must be set according to the values of Table IV- in §IV.2.3.3). By this way, it is possible to set a threshold that copes with the uncertainties.

Depending on the role of the threshold, the sizing cases will differ. For instance for a discriminating criterion, the two sizing cases are a far internal fault with a high resistance and a close external fault with a fault resistance of 0 Ω.

IV.2.2.3. Impossibility to cover the whole critical fault resistance range

Due to the important magnitude of uncertainties, it becomes impossible to set thresholds for the non-communicating selective algorithm to cover the whole fault resistance range.

Uncertainties provided on Table IV-1 are in the same order of magnitude as signal magnitudes themselves. For each criterion of the algorithm, uncertainties are problematic. As things stand at that moment, the non-unit algorithm cannot be used.

Some modifications are brought in the next subsections to overpass the difficulties related to the measurement uncertainties.

IV.2.2.3.1. Non-"DC fault" maximum variations

The maximum variations of the power setpoint in the 6-terminal test DC grid and faults on the AC side of converters (close three-phase non-resistive faults) provide maximum variations of voltage and current which do not correspond to DC faults. Those maximum variations can be related to the peak magnitudes of the corresponding derivative signals. 

IV.2.2.3.3. Current derivative, second and third criteria

The use of the second order current derivative is impossible, due to its uncertainty equal to 8 GA/s². The gap between two sizing cases must be greater than 16 GA/s². With the impossibility to use the second order current derivative, the second and third criteria of the non-unit algorithm are gathered in a single one. The first order current derivative is still used to identify the negative front wave peak of the current derivative and also now to discriminate internal and external fault cases by considering the maximum magnitude of the front wave peaks which are positive.

Considering 240 kA/s as the maximum magnitude of the current derivative during a non-"DC fault" event (cf. §IV.2.2.3.1) and 90 kA/s as the uncertainty for the current derivative (cf. §IV.2.2.1), it is possible to set a negative threshold at -400 kA/s in order to identify negative front wave peaks. Such threshold will not make it possible to detect all the negative front wave peaks of the current derivative but it will at least help to see the negative front wave peaks with a high magnitude corresponding to close and low resistance external faults.

Then, with the first order current derivative, it is not possible to discriminate internal and external faults up to 50 Ω. It is not due to the uncertainties, it is just impossible to do such discrimination with the first order current derivative up to 50 Ω. However, with the The communicating algorithm based on differential current is still capable to identify faults up to 400 Ω because uncertainties has an insignificant impact on the process of the algorithm (discussed later in §IV.3.2). The non-unit selective algorithm only identifies faults up to 20 Ω. For faults with a resistance between 20 and 50 Ω, their identification becomes troubleshooting. Indeed the non-unit algorithm should not indicate those fault cases as being internal faults. Faced to faults with a resistance higher than 20 Ω, the algorithm is out of its operating range and has been designed not to conclude the fault is internal even if it is (introduced in §IV. 1.1.2.3 and shown in verifications in §IV.3.3). Below 50 Ω, the fault case remains critical for the neighboring converters in the sense that the fault could trigger the DC overcurrent self-protection of the converter before the fault is identified by the communicating algorithm. Table IV- The choice of the thresholds has been done according to the modifications previously explained. The setting is very simple because three thresholds are directly chosen depending on the size of the non-DC fault area earlier introduced. For those three, it is possible to use the same value at each protection relay. Then the last threshold is the positive threshold on the current derivative and is different for each protection relay. It is used to discriminate between internal and external faults. Parametric studies have been necessary in order to know up to which value of fault resistance the algorithm can be set (20 Ω in our case) and also to define the value of the discriminating thresholds.

At the remote end of antennas, meaning for protection relays PR65 and PR75, it is not possible to set the non-unit algorithm up to 20 Ω due to the low magnitude of the front wave peak of the current derivative. Anyway, the thresholds shown in Table IV-2 have been defined in order to exclude external faults with 0 Ω from the protection relay point of view. So the non-unit and selective algorithm will not work up to 20 Ω but it will remain selective when the fault is external. A further study, focused on each remote end of the antenna, would provide the information on the upper limit of the fault resistance range covered by the non-unit algorithm.

IV.2.2.5. Suggestion of a palliative solution

In this section, a solution is introduced in order to deal with internal faults with fault resistance up to 50 Ω. This solution offers to combine the use of the fault current limiting mode of the hybrid DC circuit breakers with a rudimentary non-unit and non-selective algorithm for fault detection.

IV.2.2.5.1. Non-unit and non-selective algorithm for fault detection

The algorithm introduced here is simple and elementary. It aims at detecting any positive front wave peak of the current derivative.

In the same way as it has been done for the non-unit selective algorithm, the non-DC fault area is considered here to set the positive and negative thresholds on the current derivative (cf. §IV.2.2.3.1). The positive and negative thresholds can be set to: ± 400 kA/s.

An illustration is provided below on Figure IV-15. Such value which takes into account the uncertainties ensures to be overreached only when a DC fault happens. With a parametric study, it has been proved that any internal faults up to 50 Ω will be detected by such criterion and such threshold. However, on antennas, it is not possible to detect fault on the antenna up to 50 Ω even in a non-selective way.

than 2 ms. The information provided by the communicating algorithm is used to end up the fault current limiting operation. If the fault is internal, the DC breaker will fully open.

If no command is received by the DC breaker which is currently in a limiting mode, the limiting stage will end by itself. If the current comes back to a value close to its rated value, it means the fault has been cleared by other DC breakers and the fault current limiting mode is not requested anymore. As it had been described in [START_REF] Lin | Modelling of high-power hybrid DC circuit breaker for grid-level studies[END_REF], if the limiting mode is not solicited anymore while it has been active before, the hybrid DC circuit breakers recloses its first branch considering the fault has been cleared. If the limitation on the current is still solicited at the end of the maximum allowed duration for the limiting mode, the hybrid DC circuit breaker fully opens [START_REF] Lin | Modelling of high-power hybrid DC circuit breaker for grid-level studies[END_REF].

IV.2.2.5.4. Illustrative case

An illustrative fault case is introduced in this subsection. It is a pole-to-ground 30 Ω fault located on Link12, at 0 km from the converter #1, depicted in The fault happens at t = 0 ms. At the instant t0 = 0.11 ms, the non-selective algorithm provides a command leading to the opening of the first branch of the breaker only. This opening is 2 ms long and ends up at t1 = 2.12 ms. At this moment, the current flows on the secondary branch where IGBTs in series are located. It is now possible for DC circuit breaker to perform a limitation of the current.

In the model of DC circuit breaker we used, the current needs to be greater than 3 kA to start the limitation. This threshold of 3 kA is reached at t2 = 3.14 ms. The value of 3 kA is suggested by the designers of the DC circuit breaker model but it is possible to consider a smaller value which must remain greater than rated currents.

At t3 = 4.39 ms, the limitation of the current is active, until t5 = 7.39 ms. Between t2 and t3, 1.25 ms passes before any IGBT starts to open. The difference between the actual current and the threshold of 3 kA is used to trigger the opening of IGBTs. This input must be high enough before the controller requires the first opening of the IGBT branch.

The optical fiber brings the current measurements done close to protection relay PR21 to the protection relay PR12 in order to calculate the differential current. The Link12 is 360 km long. A constant delay for the transformation of data of 5 ms is considered while the propagation delay through the optical fiber is equal to 1.8 ms (=360km/200km.ms -1 ).

A total delay of 6.8 ms is considered here. On Figure IV-18, t4 = 7.28 ms is the instant the tripping order is provided by the selective algorithm based on the differential current. The tripping order ends the limiting mode by a full opening of the DC circuit breaker. The opening of the secondary branch of the DC circuit breaker is fast because the current is interrupted thanks to power electronic devices and should take less than 0.05 ms (cf. §I.2.3 the performances of static DC breakers).

IV.2.2.5.5. Conclusion on the association

With the recourse to the limiting mode of the DC circuit breakers, the breaker opens in a non-selective way its first branch and then limits the current on the second branch. The complete opening of the breaker, or its reclosing, is ordered by a communicating selective algorithm. Thanks to the early opening of the first branch, the full opening of the breaker is done approximately 2 ms earlier in comparison with a classical opening without preopening of the mechanical branch. Moreover the fault current limiting mode reduces the current magnitude while the tripping order (or the non-tripping order) from the communicating algorithm based on the differential current is expected. 

IV.2.3. Discussion on the maintenance in operational condition of a converter located at the remote end of an antenna after a DC fault

As it has already been discussed in §III.2.4, we decided to consider DC circuit breakers at the remote end of antennas. This decision has been made in order to disconnect the antenna when the fault is internal to the antenna and to maintain in operational condition the converter at the end of the antenna.

IV.2.3.1. Difficulty to identify internal faults

It has been shown in §IV.2.2.3.3 that it is not possible, from the remote end of the antenna, to discriminate internal faults in antennas with 20 Ω of resistance with close external 0 Ω faults, due to uncertainties. The first order current derivative cannot discriminate internal and external faults in a selective way and the second order current derivative cannot be used due to uncertainties. It is not even possible to apply the nonselective non-unit algorithm in antennas to detect critical faults (cf. §IV.2.2.5.1). To sum up, it is difficult to identify resistive and non-resistive internal faults with non-unit algorithms.

IV.2.3.2. Short time available for the fault clearing

The identification of internal faults remains possible with the selective algorithm based on the differential current. Such algorithm involves delays due to transmission and the duration of the identification of the faulty link is not compatible with the functional requirements of the converter and especially with its self-protections. From §III.3.2, we have seen that the available duration for the fault clearing is about 0.3 ms for the worst fault cases considering a DC overcurrent protection based on the current at the DC output of the converter and with a 2.0 pu threshold. This duration becomes to 0.5 ms if a less sensitive criterion is considered (cf. Table III-2 from §III.3.2.2).

The opening time of a hybrid DC circuit breaker is at least 2 ms long so it is not compatible with the duration of 0.5 ms previously mentioned.

IV.2.3.3. Conclusion on the antennas

It is possible to use the self-protection of the converter against DC overcurrent in order to protect the converter located at the remote end of the antenna. The converter will be disconnected and AC side circuit breakers will trip in order to isolate the fault. It is acceptable in a full selective protection philosophy because the consequences are almost the same. The main difference is that the VSC-MMC converter will not be capable anymore to provide reactive power in the AC side in order to maintain the voltage.

There is no need to use fast DC circuit breakers at the remote end of antennas. And moreover, it is not possible to trip those breakers early enough. A mechanical DC switch is sufficient in order to disconnect the link during normal operations. If hybrid DC circuit breakers are not used, there is also no reason to have an inductance at the remote end of the antenna.

IV.3. Validation of the protection strategy

A full selective protection philosophy is applied in the 6-terminal HVDC grid. For that purpose, hybrid DC circuit breakers are located at each cable end. From the previous section, it is useless to consider DC circuit breakers at the remote end of antennas for clearing internal DC faults. The DC circuit breaker inductor is considered to be equal to 100 mH. Then the fault current limiting mode is foreseen to be available in those DC circuit breakers.

Permanent pole-to-ground faults are the main concern since the study only considers cables.

Half-Bridge VSC-MMC converters have a self-protection against DC overcurrents. Such protection has been defined based on the current magnitude measured at the DC output of the converter. A threshold of 2.0 pu is used (cf. §III.4).

The three algorithms introduced before are used:

-The non-unit selective algorithm based on the derivative signals;

-The communicating selective algorithm based on the differential current;

-The association of the non-unit non-selective algorithm with the fault current limiting mode of the hybrid DC circuit breakers.

IV.3.1. Methodology

The 6-terminal HVDC grid has been built using the EMTP software and also each algorithm used in the protection strategy. Hybrid DC circuit breaker models with the fault current limiting mode are used, and their opening will be done in order to eliminate the DC fault during our simulations thanks to the tripping orders provided by algorithms. Three conditions supervise the current at the DC output of the converter in order to emulate the self-protections of the converters against DC overcurrents. Those three conditions, introduced in §II.4.1, are:

-A 2.0 pu threshold on the DC current at the DC output of the converter; -A 2.5 pu threshold on the DC current at the DC output of the converter;

-A 1.4 pu threshold on the arm current on each arm of the converter.

The first condition is the privileged one because it is the most sensitive and the most restrictive between the three. If too many fault cases lead to a loss of converters due to a DC current greater than two times the rated current at the DC output of the converter, a less sensitive condition would be considered.

A parametric study is performed in the 6-terminal HVDC grid. 152 (= Nfault) fault locations are considered, every 10 km. Pole-to-ground faults on cables are only considered, affecting only the positive pole. Several fault resistances are used for the test: 0, 20, 30, 50 and 400 Ω. 0 and 20 Ω are the lower and upper limits of the fault resistance range of the non-unit selective algorithm; it is required to consider those two resistances to validate its expected right operation. In the same way for the communicating algorithm, 0 and 400 Ω are the limit of the fault resistance range. Then 30 and 50 Ω are also considered in order to investigate the operation of the fault current limiting mode with a fault resistance contained between 20 and 50 Ω.

Those five fault resistances are tested with a power setpoint corresponding to the power setpoint depicted on figures of the 6-terminal HVDC grid (cf. above on Figure .

Converter #1 has -400 MW, converter #2 -1100 MW, converter #3 + 1000 MW, converter #4 -700 MW, converter #6 + 600 MW and converter #7 + 600 MW. An opposite power setpoint is also considered by inverting the sign of all rated power in order to deal with current flowing in the other direction. For this reverse case, only fault resistances of 0, 20 and 30 Ω are considered. With the initial power setpoint, only converters providing + 1.0 pu of power are the most subjected to trigger the self-protection against DC overcurrent (meaning converters #3, #6 and #7). With the reverse power setpoint, the other converters are tested (meaning converters #1, #2 and #4).

So, in total, eight fault cases are considered: 0, 0*, 20, 20*, 30, 30*, 50 and 400 Ω. 0*, 20* and 30* refers to the cases of a reverse power setpoint.

IV.3.2. Communicating selective algorithm

This algorithm is capable of identifying faults up to high resistances. We implemented the value of 400 Ω as upper limit of the fault resistance range covered by the algorithm. It would have been probably possible to consider a higher upper limit.

The expanded uncertainty of the differential current is given by the expression in (IV-5):

A I U IDIFF U 10 80 . 9 93 . 6 2 ) ( 2 ) (       (IV-5)
The expanded uncertainty is rounded to a single digit. The calculation provided above is the same as the calculation of the expanded uncertainty of the current derivative (cf. II.6.4.2.2 and equation (II-26)). The only difference here is the absence of the time step.

The value of 10 A is small regarding the current magnitudes and the uncertainty does not interfere in the setting of thresholds.

The delay considered for the communications is made of a constant delay equal to 5 ms and a delay which depends on the length of the link. A propagation speed of 200 km/ms protection relay must identify the fault as internal. In total, the protection relays must identify 263 internal faults (2*111 + 41) for each fault resistance. This quantity of 263 is going to be called Tint in the next sections.

For 0 Ω and for 20 Ω, for both power setpoints, the non-unit selective algorithm based on derivative signals provides 100 % right detection of internal faults. None of the external faults is identified as internal. The operation of this algorithm is validated on the fault resistance range [0; 20] Ω.

On Table IV-3, the ignition criterion provides a t0 instant which is the date when the nonunit selective algorithm starts. The algorithm provides tripping orders when the discriminating criterion concludes that the fault is internal. The durations which are reported on Table IV-3 are the duration between the t0 instant when the algorithm starts and the instant the tripping order has been provided.

Initial power setpoint

Reverse power setpoint With a fault resistance of 20 Ω, internal faults are identified in less than 200 µs for 82 % of them (216/263 for the initial power setpoint, and 217/263 for the reverse one) while a few fault cases need up to 1.3 ms to be identified. This duration is long and cannot be neglected in the fault clearing process. Its impact will be evaluated later within this section when the compliance with the DC overcurrent self-protection will be discussed (cf. §IV.3.5).

Table IV-3 shows that the non-unit selective algorithm works whatever the power setpoint is. Operating times remain close between both power setpoints.

The non-unit selective algorithm needs to be disabled a moment after the identification of an internal fault. This duration should be in the range of 10 ms, long enough to let the DC circuit breakers clear the fault and also to let the system stabilize itself after the fault clearing. This duration must be short enough in order to identify a new fault occurrence.

IV.3.4. Implementation of the non-unit and nonselective algorithm

The association of a non-unit non-selective algorithm for fault detection with hybrid DC circuit breakers having a fault current limiting mode is evaluated here. Several fault resistances are considered here with 0, 20, 30 and 50 Ω. Since there is no need to identify internal faults at the remote end of antennas, it is required to find 263 (= Tint) right identifications of internal faults for the 152 (= Nfault) fault cases of each fault resistances.

Table IV-4 gathers those results.

The information between brackets (X|Y) in Table IV-4 must be understood as it follows: X is the number of cases ending up with a full opening of the DC circuit breaker while Y is the number of cases the DC breaker recloses its first branch. On the last row, the number 1824 corresponds to the total number of responses for the 152 (= Nfault) fault cases. There is seven links, so fourteen protection relays. The two relays located at each remote end of antenna are not considered, so we have 152*(14-2) = 1824. The communicating selective algorithm always brings an order, as explained in §IV.3.2.

This order is either a tripping order or a blocking order. In both case, if the non-unit selective algorithm does not start, it ends up the fault current limiting mode of the hybrid DC circuit breaker. The tripping order commands a full opening of the DC breaker while the blocking order commands to reclose the first branch. Then the current has to flow on the secondary branch of the hybrid DC breaker. Those partial openings end up with a reclosing of the first branch. The current through those DC breakers located on a healthy link remains low, below 3 kA, because the faulty link has been disconnected by other DC breakers. So the limitation of the current is not active.

Moreover, the communicating selective algorithm based on differential current brings the information that the fault is external.

With 30 Ω, the fault resistance is higher than the fault resistance range of [0; 20] Ω for which the non-unit selective algorithm is set for. So this algorithm might identify internal faults as external (the opposite assumption is not possible as it had been explained in §IV.2.2.4). On Table IV-4, only 235 identifications of internal faults are done over a total of 263 (= Tint). 28 times the non-unit selective algorithm could not make sure that the fault is internal, or has not started at all. For those 28 cases, the non-unit non-selective algorithm starts and launches the fault current limiting process. Then the communicating selective algorithm sends, a little time later, the tripping order for the hybrid DC breaker limiting the current. Then the DC breaker fully opens.

With 50 Ω, there are 94 tripping orders provided by the non-unit selective algorithm.

Then, the fault current limitation is active 59 times and at each time the DC circuit breaker finally trips. There are also 1057 openings of the mechanical branch with no use of the limitation. However, among those 1057 openings, the DC circuit breakers finally trips in 110 cases. The tripping orders are provided by the communicating selective algorithm.

With a total of 263 tripping orders (94 + 59 + 110 = 263), all the faults have been cleared at 50 Ω.

Only the initial power setpoint has been considered in this validation stage. Similar results are obtained with the reverse power setpoints.

IV.3.5. Recourse to self-protection of converters

The criterion used for the self-protection of the converters is implemented thanks to the measurement of the DC current at the DC side of the converter. A threshold of 2.0 pu has been privileged.

With the fault resistance 50 and 400 Ω, none of the converters from the meshed part of the grid (converter #1 to #4) triggers its self-protection against DC overcurrents. The faulty link is identified by the algorithms and DC circuit breakers open it.

With a fault resistance of 0 Ω, two different power setpoints are considered. The initial power setpoint gives the opportunity to assess if the converter #3 only is confronted to DC overcurrents. This power setpoint is the most disadvantageous for converter #3 because its pre-fault DC current is equal to + 1.0 pu while the threshold is set to 2.0 pu.

Then the reverse power setpoint will be used to assess if the converters #1, #2 and #4 require the use of the DC overcurrent self-protection. Table IV- The two converters with the greatest rated power (converters #2 and #3) are capable to withstand higher current magnitudes than the two other converters (converters #1 and #4). The thresholds of the DC overcurrent self-protection are proportional to the rated power of each converter. Converter #1 has the most sensitive threshold in magnitude and it is reached for any fault case in adjacent links (Link12, Link14 and Link15). If a less sensitive criterion would have been considered for the DC overcurrents such as 2.5 pu, only 19 faults cases would have caused an exceeding of the threshold instead of 82 when using 2.0 pu. For converter #4, 7 fault cases lead to the shutdown of the converter with the 2.0 pu threshold on the DC current. This number falls to zero when considering a less sensitive threshold of 2.5 pu. Converters #2 and #3 never use their self-protection because the DC fault is cleared before.

For converters with a rated power smaller than 800 MW, a threshold set to 2.5 pu on the DC current should allow higher currents during the clearing process and then should keep the converter under control.

For 20 and 30 Ω, only the criterion of the DC overcurrent self-protection which considers 2.0 pu on DC current is taken into account. The number of fault cases leading to triggering of the self-protection is shown in Table IV-7 With 30 Ω, 18 fault cases lead to a triggering of the self-protection of converter #1. We have seen on Table IV-4 (cf. §IV.3.4) that the non-unit selective algorithm does not identify all internal faults. The association of the non-unit non-selective algorithm is required to clear those faults. Though the non-selective algorithm starts and the limiting mode is active for the corresponding DC circuit breakers, the current rise is not limited enough.

The value of 3 kA is used in the hybrid DC circuit breakers as a setpoint value for the fault current limiting mode. This value of 3 kA is high in comparison to the threshold of the DC overcurrent self-protections considered in this thesis. A smaller value (e.g. 1.5 kA or 2 kA)

would have better limited the current rise during the DC fault and avoided that converters suffer overcurrents.

At this stage, it is possible to remind the time the non-unit selective algorithm takes to identify the faulty link (cf. §IV.3.3). For 20 Ω, the longest detection time is equal to 1.3 ms.

Even when considering the opening process of the hybrid DC circuit breaker, the converter does not require the use of its self-protection against DC overcurrents; the fault is cleared without losing the converter.

For the converters located at the remote end of antennas (not shown on Table IV-5, nor on Table IV-7), the DC overcurrent self-protection is systematically used with fault resistances of 0, 20, 30 and 50 Ω. At 400 Ω, the fault resistance is high and currents remain low.

IV.3.6. Backup

Backup algorithms have not been designed during this thesis, neither have we used the existing ones.

In This technique could be expanded to the protection relays and the associated DC circuit breakers located at the DC output of converters.

IV.3.7. Illustrative fault cases

Two fault cases are introduced in this section, in order to illustrate the operation of the algorithms. 

IV.3.7.1. Fault case F1

The faulty link is Link23. Signals will be observed in the next figures at the two protection relays located at each end of the faulty link (PR23 and PR32). In comparison, a healthy link is considered namely Link34 and the protection relays PR34 and PR43.

With 0 Ω, the fault case F1 is going to be identified by the non-unit selective algorithm. On the next figures, all the thresholds used have been introduced within this chapter (cf.

Table IV-2 respectively in green and in black. There, the blue curve is the first to reach a threshold.

The blue curve represents the positive pole, so the positive pole is affected by the fault.

For Link23, the positive threshold is first reached, the algorithm concludes the fault is internal and tripping orders are sent. On the healthy link, relays PR34 and PR43 see the differential current of the positive pole reach the negative threshold before the differential current of the negative reach the positive one. Therefore the algorithm can conclude the fault is external and send orders that will interrupt the fault current limiting mode of the hybrid DC circuit breaker which might be currently active. Our analysis ends up with a look on the current at the DC output of several converters.

Link23 and Link34 are considered here, so converters #2, #3 and #4 can be analysed Then, the current derivative exceeds the positive threshold (green one) at the protection relay PR21 location. This relay concludes the fault is internal and sends tripping orders.

The protection relay PR12 also faces an internal fault but the threshold corresponding to the selective algorithm (green line) is not reached by the current derivative. So the internal fault is not identified by the non-unit selective algorithm. It was expectable because, with 30 Ω, this fault case is out the fault resistance range of [0; 20] Ω.

However, the protection relay PR12 has its non-unit non-selective algorithm which starts.

Indeed, the positive threshold of the non-selective algorithm is the represented with the black curve and it is exceeded by the current derivative at t0 = 1.09 ms. So an order is sent to the DC circuit breaker located near protection relay PR12 to start its fault current limiting mode. Our analysis now focuses on relay PR12.

On Figure IV-27, the differential current calculated by the protection relay PR12 identify the fault as internal at t = 8 ms, approximately. Indeed, the positive threshold (green curve) is crossed and the algorithm concludes the fault is internal. A tripping order is sent to the DC circuit breaker which is currently limiting the fault current. Still on Figure IV-27, it is possible to see that the current strongly decreases from t = 8 ms. This decrease happens because the DC circuit breaker is opening its secondary branch (its first branch opened before).

We said that the non-unit non-selective algorithm has satisfied its single criterion at t0 = 1.09 ms. From this instant, the first branch of the DC circuit breaker opens until t1 = 3.09 ms (= t0 + 2 ms). The current flows on the secondary branch of the DC breaker.

At t1, the current is equal to 1.12 kA and the limiting mode is active only if the current is greater than 3 kA (cf. §IV.2.2.5). In conclusion, the identification of the faulty link is always done by the communicating selective algorithm, and the DC circuit breakers are rightly open. For low resistance fault, a DC overcurrent may be encountered at the DC side of a converter. The fault current limiting mode of DC circuit breakers can start in order to limit the current as we showed it. However, it is important to set the setpoint value of current (defined to 3 kA) to a more appropriate one, sized according to the rated power of the neighboring converter for example.

IV.4. Conclusion

A non-unit selective algorithm based on derivative signals and a communicating selective algorithm based on differential current have been used in our protection strategy as the two main tools for the identification of faults. This first one has been designed during these thesis works while the communicating algorithm already existed before.

The main concerns here were:

-The identification of pole-to-ground faults on cables in a selective way for any fault resistance (up to 400 Ω);

-The compliance with a DC overcurrent criterion for the VSC converters;

-The consideration of measurement uncertainties in the operation of algorithms.

These objectives are mainly satisfied.

The two smallest converters located in the meshed part of the 6-terminal HVDC grid are still lost during 0 Ω internal faults. In the next chapter, some recommendations will be provided in order to reduce the risk of loss of converter during close 0 Ω internal faults.

A model of hybrid DC circuit breakers with a fault current limiting mode has been used

during our simulations in order to play the full process of fault clearing. This model includes the fault current limiting mode.

A palliative solution was also suggested to identify internal faults in the range of Putting aside faults on antennas, faults at any location with different resistances have been successfully identified by algorithms.

V.1. Inputs of the study

In this study, several parameters have been considered as inputs. Their choices have been discussed in this dissertation, they define the framework. The most important choices done at the beginning of these studies are:

-The use of VSC-MMC converters equipped with Half-Bridge submodules, working with a symmetric monopole configuration, and with no neutral point on DC side;

-HVDC links made of underground or undersea cables only;

-The choice of a full-selective protection philosophy.

Based on these assumptions, the implementation of a full-selective protection strategy ensuring the continuous operation of the multi-terminal HVDC grid despite fault occurrences has led to several conclusions on different items. These recommendations mainly concern the DC circuit breakers (technology and size of the inductance), the measurement devices and the converters.

V.2. DC circuit breaker technology

The hybrid DC circuit breaker technology has been considered at the beginning of these thesis works to disconnect the faulty link. At the end, it remains the best solution among the different existing DC circuit breaker technologies for our study case.

First, the hybrid breaker offers the best comprise between losses and operating time for the three main existing technologies (mechanical, static and hybrid), as it was discussed in §I.2.3. A hybrid DC circuit breaker is capable to trip in approximately 2 ms while having a few IGBTs located in the main current path. The losses induced by DC circuit breakers during normal operation depend on the number of IGBTs in series in the main current path. In a cable made HVDC system, fault occurrences are lower than with overhead lines based HVDC system. Therefore it is important to use breakers with low losses in normal operation.

V.2. DC circuit breaker technology

Then, manufacturers announce that currents up to 16 kA can be interrupted with hybrid DC circuit breakers under 320 kV (cf. §I.2.3.3). Based on performed simulations, such hybrid DC circuit breakers seem to be useable in multi-terminal cable HVDC grids.

Then, it is possible to add a fault current limiting mode to the hybrid breakers. This feature could be very useful in protection strategies (cf. §IV.2.2.5).

Finally, it has been shown in these thesis works that such breakers could fulfill the requirements of a full selective protection philosophy. Indeed, the operating time of hybrid breakers is short enough in order to be included in a fault clearing process and to avoid the propagation of the fault to the whole DC system. The continuous operation of converters can also be preserved. The sizing of the hybrid DC circuit breaker must take into account magnitudes of worst case scenarios such as pole-to-pole faults. It will provide information on the maximum DC breaking current. The sizing of the DC circuit breaker reactor is discussed in the next section.

According to our studies, the use of the fault current limiting mode can be very useful to preserve the continuous operation of the converters. Based on results previously introduced, two recommendations can be formulated:

Earlier start of the fault current limiting mode

As discussed in §IV.3.5, the recourse to the fault current limiting mode of the hybrid DC circuit breakers could be optimized. Indeed, once the fault current limiting mode has been ordered to start, it is only active and effective once the current has grown higher than 3 kA. This value of 3 kA is an inner parameter of the DC circuit breaker model that we used in EMTP software. It had been chosen by the designers of the model. This value has not been modified during our studies. It appears that the limitation of the current starts too late in some cases.

The value of 3 kA should have been reconsidered to a value which depends on the rated current of the neighboring converter. A further study would precise how to set this threshold which makes the current limitation effective. Such study has not been done in these works.

Use of the fault current limiting mode of hybrid DC circuit breakers located at the DC output of converters It is possible to use, directly at the DC output of the converter, the fault blocking limiting mode of a hybrid DC circuit breaker, like it was suggested in §IV.2.2.5, in order to reduce the current magnitude.

The ignition of the fault current limiting mode of the hybrid DC circuit breakers at the DC output of the converter could be either ordered by:

-A communication coming from the protection relays located at the close end of each neighboring link of the converter. When a fault is identified in an adjacent link, the fault current limiting mode can start;

-A non-unit non-selective algorithm which can provide an order for the starting of the limiting mode.

This approach has not been studied during these PhD works.

V.3. Reactors of DC circuit breakers

An inductor is required in the hybrid DC circuit breakers to limit the current rate of rise For discrimination purposes, it is possible to set the algorithms for fault detection either with 10 mH or with 100 mH, as it was discussed in §IV.1. Non-unit or communication based algorithms presented in this thesis remain selective in the suggested fault resistance range either with 10 or 100 mH. Therefore the choice of the most suitable value of inductance is not linked to the algorithms that identify the faulty link in this thesis.

Other algorithms for fault detection not introduced in this dissertation are sensitive to the value of the inductance.

The value of 100 mH is suggested by some manufacturers of hybrid DC circuit breakers.

Although no hybrid DC circuit breaker have been already used in a multi-terminal HVDC system, 100 mH inductances are considered, like in (Magnus Callavik et al. 2012).

In the third chapter of this dissertation, the time available for the clearing process has been investigated (cf. §III. The conclusion drawn here is that considering an inductance of 100 mH is a better choice for the DC circuit breakers than 10, or 0 mH, considering overcurrent withstand capabilities of the converters. However, 100 mH might be not the optimum value of inductance for multiterminal HVDC grids. A research of optimum value for the DC circuit breaker reactor would be required, considering the limitations of both DC breakers and converters. It is also conceivable to find an optimum inductance size for DC circuit breakers located at link ends and a different optimum value for breakers located at the DC output of converters. Anyway, due to current magnitudes under DC fault conditions and the rates of rise of current, hybrid DC circuit breaker inductors in the range of 100 mH appear to be the best choice in this study.

V.4. Accuracy of measurement devices

The expanded uncertainty of the currents, voltage, and their derivatives, is directly proportional to the accuracy of the measurement device.

With the accuracies of measurement considered in our studies (cf. §II.6.2), it has been possible to set thresholds of the non-unit selective algorithm up to 20 Ω only. With a better accuracy, and therefore with fewer uncertainties, it would have been possible to set those thresholds up to a higher fault resistance (higher than 20 Ω). The goal is to identify internal faults up to 50 Ω which is the fault resistance from which the converters located in the meshed part of the 6-terminal test DC grid will not use their selfprotection against DC overcurrents. In the ideal case, with an ideal accuracy, the measurements uncertainties are non-existent and it is possible to set the thresholds of the non-unit selective algorithm up to 50 Ω (cf. §IV.1.1).

From our data used for the setting of thresholds, obtained with parametric studies, it has been proven that an accuracy of the current measurement device four or five times better would allow to use the second order current derivative in order to discriminate internal and external faults in a selective way up to 50 Ω. Even with an ideal accuracy, it remains impossible to discriminate faults up to 50 Ω with the first order current derivative only.

A time step of 10 µs has been considered in our studies. The choice of the value of 10 µs is a compromise: it is small enough to allow the use of derivative signals and it does not require important computing resources. Also, the sampling must be taken into account for error calculations.

The use of current measurement devices with accuracy five times better than the devices which have been considered in our studies would lead to extra costs. However, no information on the technical feasibility is available. With such accurate measurement devices, the second order current derivative is useable to discriminate faults over all the fault resistance range ([0; 50] Ω) for which an internal fault would lead to the use of the self-protection of the converter against DC overcurrent. There will be no more critical fault ( with a fault resistance lower than 50 Ω) unidentified by the non-unit selective algorithm, and therefore the recourse to the palliative solution introduced in §IV.2.2.5

with the fault current limiting mode of hybrid DC circuit breakers will not be needed anymore in the primary protection strategy. The recourse to the fault current limiting mode of DC circuit breakers can still be used in a backup protection strategy.

If the choice is made to use measurement devices with the same accuracy class than the ones introduced in §II.6.2, the use of the fault current limiting mode of the hybrid DC breakers remains a good solution to handle faults with a resistance in the range of [20; 50] Ω. As a reminder, the value 20 Ω is the upper limit of the fault resistance range covered by the non-unit selective algorithm in our study case and 50 Ω is the value beyond which an internal fault will not trigger the self-protection against DC overcurrent of the converters located in the meshed part of the 6-terminal test DC grid.

A degree of freedom can be added here. This last point introduces another approach than the ones suggested before within this section. The fault resistance ranges ([0; 50] and [0; 110] Ω for antennas) have been chosen in order to include the maximum critical fault resistance at the farthest location from the protection relay. These ranges have also been chosen in order to have a small number of different ranges. Indeed, it was easier to deal with only two fault resistance ranges instead of six, eight or fourteen different. The definition of a specific fault resistance range for each protection relay would increase the number of studies but it would probably ease the definition of thresholds for some relays.

V.5. Fault detection algorithms

The fault clearing process in multi-terminal HVDC grids is time and current constrained. If too much time is spent to clear the fault, the effects of the fault can affect other protective zones and also can threaten the continuous operation of nearby converters.

The use of non-unit algorithms is a good answer to these constraints. Such algorithms only consider information available at the link end in order to identify whether the fault is internal. Communications are not used and therefore there is no delay related to the communication in the algorithm process. The use of optical fibers as communication channel involves delays, in the range of several milliseconds (a variable part proportional to the link length and a constant part, cf. §II.5.4). For close and low resistive faults, nonunit algorithms are mandatory in order to save time in the identification process of the faulty link. For resistive faults, communicating algorithms can be considered as long as the maximal fault clearing times, constrained by the overcurrent withstand capability of the converters, allows these delays. Moreover, non-unit algorithms using the front wave peak of derivative signals are the fastest ones. Indeed those front wave peaks are the first markers that bear witness to the presence of a fault in the HVDC grid. The earlier the fault is identified as internal, the lower the current magnitude to be interrupted.

V.6. MMC converters sizing and technology

In our context, a cable based multi-terminal HVDC grid is considered. The converters are VSC-MMC type with Half-Bridge submodules and they work with a symmetric monopole configuration with no neutral point on the DC side. As discussed in this dissertation (cf. §II.4.1), such converters require a self-protection against DC overcurrents.

In §IV.3.5, the recourse to the self-protection of converters was discussed. There, for faults with 0 Ω of resistance, the self-protection against DC overcurrents is solicited.

Indeed, the fault clearing process might be too long in some cases (cf. Table IV-6 from §IV.3.5). Then, in Table IV-7 in §IV.3.5, the recourse to the self-protection for faults with 20 and 30 Ω is shown.

Three solutions are suggested here in order to ensure the continuous operation of the converter during DC side faults.

V.6.1. Criterion and threshold for the selfprotection against DC overcurrents

The definition of this DC overcurrent self-protection directly influences the DC Fault Ride Through capability, meaning the ability of the converter to withstand the fault occurrence.

For instance, with a sensitive criterion and a low threshold, low current magnitudes will trigger the self-protection. In §II.4.1, two criteria have been introduced considering the current in the IGBTs in the converter arms: a criterion on the average current and a criterion on the peak current. Those two criteria are used in practice for a better reliability.

Thresholds must be defined for each criterion.

In our studies, the criterion considering the average current has been mainly used. A threshold set to 2.0 pu of the current at the DC side of each converter has been chosen in order to prevent DC overcurrents. Such threshold for this criterion is quite low and it ensures a reasonable safety margin for the average current (cf. Table II ). In §IV.3.5, the recourse to this self-protection is discussed. The choice of a low threshold makes the self-protection sensitive. Considering the whole fault clearing process, a solution to reduce the number of fault case leading to the triggering of the self-protection is to choose a higher threshold. For instance, it is possible to consider a threshold set to 2.5 pu on the current at the DC side. It will reduce the number of fault cases leading to the loss of a converter (cf. Another consequence of the use of a higher threshold for this self-protection (or the use of a less sensitive criterion) is the shortening of the critical fault resistance range. Indeed, on Figure V-1, the value of 50 Ω is the upper limit of the critical fault resistance range. This value has been found to be compliant with the 2.0 pu threshold on the current at the DC output of the converter. Considering a different threshold, for instance 2.5 pu of DC current, the value of 50 Ω previously suggested is not valid anymore. 

General conclusion

Multi-terminal HVDC grids can provide complementary solutions to the AC transmission systems. Such grids using HVDC technology are capable of transmitting large quantities of electrical power over long distances as well as onshore or offshore applications. The recourse to HVDC grids will lead to increase the exchange between the interconnected countries. Multi-terminal HVDC grids appear to be a suitable solution for the integration of the power produced by offshore windfarms in a continental scale electrical system. 

As discussed in

A.1. Calculations of the rated current in an arm of converter

This appendix focuses on the rated current in each arm of converter. The superposition principle is applied to provide expressions of each arm current. A similar equation to equation (A-1) can be produced for IDC_low, while the equation (A-2) can be reused to express the currents IAC_sec_phB and IAC_sec_phC.

A.1.1. Illustration

A.1.2. Superposition principle

Five sources can be identified:

-all the three-phase AC currents; -both DC currents.

Therefore five different stages are required to determine all the expression of each arm current.

1) The A-phase of the secondary AC current is only considered

The current coming from this phase is separated between the upper and the lower A arms.

This assumption is true if the base quantities of the currents are used. Working with temporal signals, this assumption is not fully true. Given that an expression of the rated current in a single arm is expected, it is possible to consider base quantities in calculations.

So it is possible to write for the arm currents:

base phA AC base up A I I _ sec_ _ ) 1 ( _ _ 2 1   (A-3) base phA AC base low A I I _ sec_ _ ) 1 ( _ _ 2 1   (A-4)
The superscript (1) is used to recall which stage of the superposition principle the equation comes from. The current of A-phase does not feed the other arms, therefore:

0 ) 1 ( _ _  base up B I (A-5) 0 ) 1 ( _ _  base low B I (A-6) 0 ) 1 ( _ _  base up C I (A-7) 0 ) 1 ( _ _  base low C I (A-8)
2) The B-phase of the secondary AC current is then considered With an identic approach, it is possible to write equations of the current coming from phase B:

0 ) 2 ( _ _  base up A I (A-9) 0 ) 2 ( _ _  base low A I (A-10) base phB AC base up B I I _ sec_ _ ) 2 ( _ _ 2 1   (A-11) base phB AC base low B I I _ sec_ _ ) 2 ( _ _ 2 1   (A-12) 0 ) 2 ( _ _  base up C I (A-13) 0 ) 2 ( _ _  base low C I (A-14)
3) The C-phase of the secondary AC current is considered And again for phase C:

0 ) 3 ( _ _  base up A I (A-15) 0 ) 3 ( _ _  base low A I (A-16) 0 ) 3 ( _ _  base up B I (A-17) 0 ) 3 ( _ _  base low B I (A-18) base phC AC base up C I I _ sec_ _ ) 3 ( _ _ 2 1   (A-19) base phC AC base low C I I _ sec_ _ ) 3 ( _ _ 2 1   (A-20)
4) The DC current on the positive pole is now considered

The DC current on the positive pole is the sum of the three currents flowing on the upper arms. We can do the assumption that each arm current provides one third of the DC current on the positive pole. To match with the previous calculations, the base quantities are still used. 5) The DC current on the negative pole is considered The same assumption is made for the DC current on the negative pole. 

6) Summary

The final stage consists in adding all the expressions. For instance, for the current in the upper arm A, the calculation is made as it follows:

1     (A-36) base up DC base phC AC base up C I I I _ _ _ sec_ _ _ _ 3 1 2 1     (A-37) base low DC base phA AC base low A I I I _ _ _ sec_ _ _ _ 3 1 2 1     (A-38) base low DC base phB AC base low B I I I _ _ _ sec_ _ _ _ 3 1 2 1     (A-39) base low DC base phC AC base low C I I I _ _ _ sec_ _ _ _ 3 1 2 1     (A-40)
So a generic formulation to calculate the rated current on a single arm of converter is: 

. Verifications with calculations

To verify those equations, it is possible to redo some calculations. First, the sum of the upper arm currents is done like in (A-42). 

_ sec_ _ _ sec_ _ _ sec_ _ _ 3 1 2 1 3 1 2 1 3 1 2 1       (A-43 )   up DC phC AC phB AC phA AC up DC I I I I I _ sec_ _ sec_ _ sec_ _ _ 2 1      (A-44 )
We know that the three AC currents are balanced so the sum of those three is equal to zero in the time domain. Also the calculation of the AC current on the phase A can be done.

low A up A phA AC I I I _ _ sec_ _   (A-46) low DC phA AC up DC phA AC phA AC I I I I I _ sec_ _ _ sec_ _ sec_ _ 3 1 2 1 3 1 2 1         (A-47)   low DC up DC phA AC phA AC I I I I _ _ sec_ _ sec_ _ 3 1     (A-48)
The sum of the DC currents of each pole is also equal to zero in the time domain. 

A.1.3.2. Verifications with EMTP software

A MMC converter working at its rated power is considered here with the following parameters:

-1000 MW of rated power; -640 kV of rated DC pole-to-pole voltage; -320 kV of rated AC phase-to-phase voltage, at the secondary side of the converter.

The rated AC current is calculated as follows: And then, the rated current for the arm current, thanks to (A-41):

2 3 _ _ sec_ _ sec_ _   
A I rated arm 6 . 1796 5 . 1562 3 1 6 . 2551 2 1 _      (A-54)
The current at the DC side are equals to ± 1 pu because the converter provides its rated power. Therefore DC currents are equals to their rated current with 1562 A, as in For the lower arms currents, the peak magnitudes are negative. The results of the application of the superposition principle are acceptable.

rated rated V a t b t t v t v                         (A-65)
It is possible to recognize the voltage derivative formulation (see equation (A-55)). From the equations (A-65) to (A-66), the square has been removed.

rated rated V a t b dt t dv             2 ) ( 10 (A-66)
To consider the worst case, the maximum value for voltage derivative is considered. This maximum value is the difference between the two limits of the measuring range divided by the time step.

s V E E dt t dv / 9 8 . 60 6 10 32000 640000 ) ( max           (A-67) So: rated rated V case worst t dt t dv V a b             max _ ) ( 10 2 (A-68) 6 10 9 8 . 60 10 2 3 320 100 5 _             E E E b V case worst (A-69) 3 - 3.72E b worst_case  V (A-70)
Instead of the worst case scenario as considered before, the maximum magnitude of derivative voltage met in our studies can also be used. This value is approximatively equal to 2 GV/s. So reusing the equation (A-69), the calculations are modified:

6 10 9 2 10 2 3 320 100 5 _             E E E b V ns observatio from (A-71) 113 . 0 _  V ns observatio from b (A-72)

A.2.2. Approach by considering the current derivative uncertainty calculations

From the equation (A-63), the inequality takes into account the voltage accuracy. A similar approach is possible with the current accuracy. An identic inequality but with current accuracy is done below in order to know from when the uncertainty of the time step could be neglected.

    2 2 2 2 2 2 2 2 3 1 3 1 2 ) 1 ( ) ( 100 rated rated I a t b t t i t i                         (A-73) With:
-a, the uncertainty on the current measurement [A]; -b, the uncertainty on the time step [s].

rated rated I a t b dt t di             2 ) ( 10 (A-74)
In the worst case, the current derivative is majored by its slew rate value which is equal to 15E6 A/s. In the same way than with the voltage derivative, from our studies, the current derivative is usually less than 3E6 A/s. So another result can be found:

6 10 6 3 10 2 3 3 100 2 . 0 _             E E E b I ns observatio from (A-78) 3 - 28.3E _  I ns observatio from b (A-79)

A.2.3. Summary and conclusion

The table below ( From the worst case scenarios, "b", the error on the measurement of the time step must be less than 0.372 % of the rated time step. In other words, with a time step of 10 µs, the error on the time step must be less than 37.2 ns.

From our observations, the error on the time step has to be smaller than 2.83 % of the rated time step, or simply less than 0.283 ms. This last results will be considered because the worst case scenario may only happen in the theory approach, not in practice.

To conclude this paragraph, we can say if the error on the time step is smaller than 2.83 % therefore the uncertainty on the time step can be neglected in our calculations of uncertainties of derivative signals.

A.2.4. Verification of the assumption

In this section, the assumption that the uncertainty on the time step can be neglected if its error is small enough will be checked. According to previous section, an accuracy of 2.5 % on the measurement of the time step is chosen. Such accuracy should be small enough to not impact the result of the calculation. Two calculations are done here, one which takes into account this parameter and the other one which neglects this uncertainty from the beginning.

The equation (A-60) is reused here. The uncertainty on the current substitutes the uncertainty of the voltage in that equation. We consider the calculation on the combined uncertainty of the current derivative here because it provides the most restrictive condition on the value of the error on the time step measurement.

    ) ( 2 ) 1 ( ) ( ) ( 2 1 ) ( 2 2 2 2 t u t i i t i i u t di u            (A-80)
We know that: This pole-to-ground fault applied in an HVDC system working under a bipole configuration is compared to an equivalent pole-to-ground fault but applied in an equivalent HVDC system working under a symmetric monopole configuration. A single converter used in the symmetric monopole configuration is substituted in the bipole configuration case by two converters, with half rated power and half DC pole-to-pole voltage.

This approach has been privileged to introduce the bipole configuration. Another approach would be performed by doing a comparison between a pole-to-ground fault and a pole-to-pole fault, both observed under a bipole configuration. This second approach is probably less interesting than the first one because the current and voltage behaviors of a faulty pole are exactly the same if the fault affects one or two poles. A bipole system is equivalent to two independent asymmetrical monopole systems.

Observations and comments made below mainly focus on the bipole case. The comparison with a pole-to-ground fault in a symmetric monopole configuration is well known for the reader since it has been introduced in Chapter 3 of this dissertation. This fault case is used here a reference for comparison purposes. There is in total six protection relays in the HVDC grid but a choice had been made to only show four of them here; the last two refer to a healthy link. On figures below, it is possible to note that the current on the positive pole (blue curves) always reaches a current threshold before the current on the negative pole. The algorithm concludes the faulty pole is the positive pole. The protection relay PR32 sees the current on the faulty pole decreases and reaches the negative threshold on the current before the current on the other pole reaches the positive threshold. For the relay PR32, the fault is external. Protection relays PR23, PR31 and PR13 measure an increasing current on the faulty pole. Another criterion is required.

A.3.1. DC signals comparison

A.4.3.2. Time thresholds and second criterion

For the second criterion, the algorithm only focuses on the cases for which the current on the faulty pole has reached the positive threshold on current (PCT). A little time later, the current on the healthy pole is modified and reaches one of those two current thresholds.

Again, the crossing instants are saved.

A.4.3.2.2. Minimum time difference

In order to exclude pole-to-pole fault cases, a minimum time difference is required. During a pole-to-pole fault, currents of both poles will increase in a similar way. The time difference must be greater than a minimum value to be considered. For the minimum time difference, three samples of time (30 µs) have been chosen. This value of 30 µs is big enough in order to allow a small error of synchronization between measurements from both poles, and small enough to let the algorithm detect pole-to-ground faults. Thus the choice of 30 µs is a compromise. If the absolute value of the time difference calculated in equations (A-92) and (A-93) is smaller than 30 µs, the non-unit algorithm does not start.

A.4.3.2.3. Time thresholds

A parametric study applied to a test DC grid is required to set time thresholds. For that, a fault is implemented on each DC link every 5 km. For each step of the parametric study, one pole-to-ground fault is done at one location. Each simulation case provides time difference results for each cable end whose current on the faulty link reaches the PCT. For each protection relay, a time difference versus distance profile can be plotted bringing together two groups of data. The fault is probably internal to the DC link. Indeed, at this stage, it is not certain that the fault is internal. Problematic cases could occur in a specific area of the meshed DC grid, like it has been discussed in this subsection at the "Time thresholds" paragraph. A description is done in the next part. Therefore, a confirmation is needed with a third and last criterion.

Back to our fault case, the time differences calculated in the Table A-2 are now compared with the time thresholds.

-Protection Relay PR23: The time difference TDPR23 = -0.38 ms is greater than εTPR23 (-0.60 ms) and smaller than the minimum time difference MinTD (-30 µs). The fault is external; -Protection Relay PR31: The time difference TDPR31 = 0.19 ms is smaller than δTPR31 (+ 0.32 ms) and greater than the minimum time difference MinTD (+ 30 µs). The third criterion is required to confirm if the fault is internal; -Protection relay PR13: The time difference TDPR13 = -1.12 ms is smaller than εTPR13 (-0.51 ms). The third criterion is required to confirm if the fault is internal.

A.4.3.3. Threshold on current derivative and third criterion

It is possible to meet an external fault seen as an internal fault by a remote protection relay. This particular case is rare and is explained by the topology of the grid. In a looped grid, the farthest point to the fault location raises such issues. When a fault occurs, cables capacitances discharge a current toward the fault. But for the farthest point in the loop, there is two identical ways to reach the fault location. So, when the farthest point is located on the protection relay area, the relay sees the fault as internal because the time difference between the arrival times of the current front waves on each pole is small. The identification of this farthest area is easy.

Those problematic cases have already appeared on

A threshold on the current derivative is set in order to separate internal faults and fault occurrences from this identified area. For a considered relay, the setting of such threshold must consider a 0 Ω fault in the area of the farthest point and a 5 Ω internal fault, far from this relay. The magnitude of the front peak of the current derivative is used. A threshold can be easily defined, splitting both cases. So any internal fault case, with impedance or not, will generate a current front wave of which current derivative will reach this threshold. Full selective protection strategy for multi-terminal cable HVDC grids based on HB-MMC converters Abstract -In a near future, multi-terminal High Voltage Direct Current grids (MT-HVDC grids) appear to be a suitable solution for the integration of power electricity produced by remote offshore windfarms in the AC transmission system. Though the recourse to HVDC point-to-point links is well-known, challenges still remain for a safe operation of HVDC grids. Protection is the main technical field still under study and reliable protection strategies ensuring the best technological and economic ratio are investigated. This thesis focused on a full selective protection philosophy similar to the one applied to AC transmission systems. The consideration of cable links, Half-Bridge VSC-MMC converters and hybrid DC circuit breakers defines the frame of the study. An association of two algorithms for the identification of faults is suggested. The time available for the fault clearing process has been investigated. Simulations performed with EMTP software have been used to evaluate the reliability of the suggested strategy.

A.4.4. Overall operation the algorithm

Keywords: Direct current, Multi-terminal HVDC grid, Protection strategy, Selectivity,

Cables

Stratégie de protection à sélectivité totale pour réseaux multi-terminaux à courant continu composés de câbles et de convertisseurs HB-MMC Résumé -Les réseaux multi-terminaux à courant continu sont une solution efficace pour intégrer l'énergie électrique produite en grande quantité par de grands parcs éoliens offshore. Bien que le recours à la technologie HVDC soit maitrisé pour des applications point-à-point, des verrous technologiques sont encore à lever pour permettre une exploitation sûre d'un réseau à courant continu. La protection est le principal domaine technique pour lequel des progrès sont encore attendus. Des stratégies de protection fiables et assurant le meilleur ratio technico-économique sont à l'étude. Ces travaux de thèse ont pour objectif la mise en oeuvre d'une philosophie de protection à sélectivité totale, identique à celle utilisée dans les réseaux de transport traditionnels. Cette étude considère l'utilisation de liaison par câbles uniquement, de convertisseurs VSC-MMC composées de sous-modules en demi-pont et de disjoncteurs hybrides à courant continu. Une association de deux algorithmes de détection de défaut a été proposée. Une étude du temps disponible pour l'élimination du défaut a été menée. Enfin, des simulations numériques avec le logiciel EMTP ont permis d'évaluer la fiabilité de la stratégie de protection.
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 1 Figure I-1: Costs comparison between AC and DC technologies (source: RTE)

Figure

  Figure I-2 shows offshore windfarms connected to the North of Germany. Windfarms close to the shore are directly connected with AC while the farthest power plants need a DC link.

Figure I- 2 :

 2 Figure I-2: Offshore power plants in Germany and recourse to DC technology (source: German Offshore Wind Energy Foundation)

  Figure I-3) (Lesnicar & Marquardt 2003) (Jacobson et al. 2010). Each arm is identical to the other arms. It is possible to find up to 400 submodules per arm. Each submodule is independently controlled. Due to the high number of submodules, it is possible to provide any voltage level at the output. By this way three-phase AC voltages can be built. No filtering stage is needed on either AC or DC side of the converter. Only an arm inductor is required (see Larm on Figure I-3).

Figure

  Figure I-3: MMC structure (a) and an Half-Bridge submodule (b) (Saad & Mahseredjian 2014)I.2.1.2. Types of submodules for MMC

Figure

  Figure I-5: Symmetric monopole configuration

Figure I- 6 :

 6 Figure I-6: Asymmetric monopole configuration In a bipole configuration, two converters are used to provide both voltages, as depicted on Figure I-7. It can be seen as the merging of two independent asymmetric monopole systems. Each converter has a terminal connected to the ground potential. In case of a pole-to-ground fault, the healthy pole can remain in operation, provided there is a conductor between the two ground connections to allow the current circulation (not shown on Figure I-7).

Figure

  Figure I-7: Bipole configuration

Figure I- 8 (

 8 Figure I-8 (Metal-Oxide Surge Arrester) is required in order to dissipate the energy once the switch is open. The zero crossing can be obtained with a passive LC circuit or with an active circuit in order to act faster. On Figure I-8, those two types of commutations are shown. However, several configurations are possible for active commutations (not shown here).

Figure I- 9 :

 9 Figure I-9: Structure of a static DC circuit breaker (Bucher & Franck 2016)

Figure I- 10 :

 10 Figure I-10: Structure of a hybrid DC circuit breaker (Bucher & Franck 2016) When the tripping order is received by the hybrid breaker, the IGBTs located in the first branch open and the current is commutated to the second branch. Then the fast switch opens. This first opening lasts approximately during 2 ms. Once this opening is done, the second branch can be opened in turn. Once the first and second branches are open, the current flows in the surge arrester (third branch). The overall duration is in the range of 2 ms and the maximum DC breaking current is 16 kA (Mobarrez et al. 2014). In normal operation, losses are low because the number of power electronic devices on the first branch is low (in comparison with the second branch).

Figure I- 11 :

 11 Figure I-11: Hybrid DC circuit breaker (Derakhshanfar et al. 2014)

  The faults can be either pole-to-ground or pole-to-pole, permanent or not, and have a fault resistance. Faults on the AC side and internal faults of the converter are not considered in this study. A view of the fault clearing process done with a primary protection is available on Figure I-12.

Figure

  Figure I-12: Primary protection sequence

  Figure II-1). From RTE's experience, a value of 1.8 pu has been recommended for the surge arresters instead of 1.88 pu. The choice of this value is validated by experts from RTE. The step-wise definition of the voltage as a function of the current within the surge arrester's device in EMTP leads to a limitation of approximately 575 kV of overvoltages (1.8 pu) during pole-to-ground faults.

Figure II- 1 :

 1 Figure II-1: Overall representation of the cable modelling

  the existing structures of Voltage Source Converter (VSC), the Modular Multi-Level Converter, also known as MMC, equipped with Half-Bridge submodules has been considered here. Such converters are used in several HVDC links in Europe. RTE operates the INELFE HVDC link between France and Spain made of Modular Multi-Level Converters with Half-Bridge submodules and plans to reuse this technology for other projects. The submarine HVDC link between Norway and Denmark called Skagerrak 4 with a rated power of 700 MW is made with Half-Bridge submodules MMC converters (Andersson & Hyttinen 2015). It is also possible to cite HVDC links between offshore converters and the mainland in the North of Germany which also use Half-Bridge submodules in their MMC converters: -Dolwin 1 (with a rated power of 800 MW) & 2 (916 MW) (M Callavik et al. 2012with a MMC structure made of Half-Bridge submodules or an equivalent Cascaded-Two-Level structure. II.2.1.1. Use of MMC converters with Half-Bridge submodules Several types of submodules exist for the arms of MMC converters. The most known two are the Half-Bridge and the Full-Bridge submodules. The Half-Bridge submodules have been considered in this study. The conduction losses of Half-Bridge submodules are approximately two times smaller than the losses of Full-Bridge submodules because there is less devices in the conduction path. Indeed, each Half-Bridge submodule has two IGBTs and two diodes less than a Full-Bridge submodule. In normal operations, Half-Bridge submodules can fulfill requirements of VSC converters such as working in both rectifier and inverter modes and also reversing the power flow by reversing current without reversing voltage. In addition to the previous items, Full-bridge submodules are also capable of applying a reverse voltage to their terminals (Marquardt 2011). II.2.1.1.1. Absence of DC fault blocking capability During a fault on the DC side, a MMC converter equipped with Full-Bridge submodules has a DC fault blocking capability. That means the current coming from the AC side cannot flow through the converter thanks to a reverse voltage at Full-Bridge submodules terminals. It is then possible to open disconnectors. Due to their design, Half-Bridge submodules cannot provide a similar capability. Therefore, while a fault is present on the DC side, a MMC converter equipped with Half-Bridge submodules behaves like an uncontrolled diode rectifier, with current flowing through the freewheeling diodes.

  with an AC Fault-Ride Through profile. That means the MMC converter equipped with Half-Bridge submodules is set to endure a predefined voltage against time profile corresponding to a fault on the AC side of the converter. If the AC fault duration is longer than tclear as mentioned on the Fault Ride Through profile, then AC breakers located at the converter AC side trip and isolate the converter from the fault. An illustration is provided in Figure II-2.

Figure II- 2 :

 2 Figure II-2: Fault Ride Through (FRT) profile (ENTSO-E 2016)

Model 1 :

 1 Full detailed; -Model 2: Detailed equivalent; -Model 3: Switching function of arm; -Model 4: Average model based on power frequency.

  the model 3 called "Switching function of arm" model, each arm of the converter is replaced by a switching function. Instead of performing calculations for each semiconductor devices, the switching function of arm provides an equivalent output. Using those models, the duration of calculations is highly reduced. It is possible to compare the responses of those two models when a fault occurs on the DC side. A point-to-point DC link such as in Figure II-14 is considered here, with a pole-toground fault located 100 km far from the considered converter. The fault resistance is equal to zero and the fault occurs at t = 0 ms. On Figure II-3, the current on the positive pole at the DC output of the converter is plotted. Two curves are represented, one from a simulation case with converter Model 1 and the other from simulation with Model 3. Also on Figure II-3, on the right, the relative error is shown. The calculation for this relative error is detailed in equation (II-1).

Figure II- 4 :

 4 Figure II-4: Comparison of voltage between models 1 and 3 Again, voltages against time profiles are very close on the left plot of Figure II-4. The relative error shows that even during the fault, the voltages are almost the same whatever the model chosen. Excepting a few peaks on the right plot of Figure II-4 due to a voltage equal to 0 V, the relative error remains low.

  Figure II-5. The green arrays represent a probable current circulation.

Figure II- 5 :

 5 Figure II-5: Illustration of the fault current circulation through the ground reference

  the rated power of the converter [W]; -VDC_rated, the rated pole-to-pole voltage of the converter [V]; -IDC_rated, the rated current [A].

Figure II- 6 :

 6 Figure II-6: Denomination of each current in the converter Figure II-6 shows how the currents in the MMC converter are labelled for next calculations. Below, the calculations lead to the rated arm current. Equations (II-4) and (II-5) provide relationships between arm current, current on DC side and current on AC side. Those equations deal with rated values for DC signals and with peak rated values for AC signals.

  the rated current on the DC positive pole [A]; -IA_up_rated, the peak rated current in the upper arm A [A] while indexes B, C and low respectively stands for arm B, arm C and lower arm; -IAC_sec_phA_rated, the peak rated A-phase current on the AC side of the converter at the secondary side of the transformer [A].

  the rated current in a single arm of converter [A]; -IDC_rated, the rated current at the DC side of the converter [A]; -IAC_sec_rated, the peak rated current in a single phase [A]; -Srated, the rated power of the converter [VA]; -VDC_rated, the DC pole-to-pole rated voltage [V]; -UAC_sec_RMS_LL, the RMS AC line-to-line voltage [V]. The use of the coefficient √2 is necessary to deal with peak AC values instead of RMS values.

Figure II- 7 :

 7 Figure II-7: Gap between the pre-fault current and the DC overcurrent limit II.4.1.2.3. Approximation made

1 .

 1 Location on the DC grid DC circuit breakers are required to isolate the faulty part of the DC grid. The implementation of the full selective protection philosophy involves a full recourse to DC circuit breakers in the frame of our study with MMC converters made of Half-Bridge submodules. That means one DC circuit breaker at each link end, on both poles. By this way, any link can be disconnected from the rest of the DC grid. Also, if at least two links are connected to the same converter forming a busbar, two additional DC circuit breakers are required at the DC output of the converter. The illustration of the multi-terminal HVDC grid used in our studies is introduced in §II.7.2 and a figure is also provided (cf. Figure II-15). Other illustrations, smaller than the previous one, are given in Figure II-9. On Figure II-15, it is possible to recognize white circles at the end of links and black circles at the DC output of converters. DC circuit breakers are located at each circle on both poles.

  . The illustration in Figure II-8 shows the modelling of the hybrid DC circuit breaker.

Figure II- 8 :

 8 Figure II-8: EMTP model of hybrid DC circuit breaker

Figure II- 9 :

 9 Figure II-9: Four types of protective zoneWhen a fault occurs, the full selective protection philosophy is implemented with full selective algorithms capable of identifying the faulty link. Then the corresponding DC circuit breakers receive a tripping order in order to disconnect the faulty zone. After the fault clearing, the remaining DC grid can resume its operation.

  5.3. Voltage measurements are done on both sides of each DC circuit breakers while current measurements are only done on the converter side of the circuit breaker. An illustration is provided on Figure II-10.

Figure II- 10 :

 10 Figure II-10: Arrangement of measurement devices at one cable end

times of 1 1 .

 11 µs in the literature. Such short time step requires performant devices for the sampling of the measurements, working around 1 MHz. With 10 µs, the time step is short enough to make possible the observation of derivative signals utilizable for protection purposes. Principle and calculation All the information provided in this paragraph are from the following reference (Joint Committee for Guides in Metrology 2008). The uncertainty is a parameter associated with the result of a measurement that characterizes the dispersion of the values that could reasonably be attributed to the measurand. The uncertainty has a random component (type A) and a systematic component (type B). The random component corresponds to the statistical distribution of the measurements. By increasing the number of observations it is possible to reduce it toward zero. The systematic component (type B) gathers all the non-statistical sources of error. It is mainly caused by the accuracy of the metering devices. The type B uncertainty is only considered here.

  Figure II-12 shows those parameters and the true position of the quantity X.

Figure II- 12 :

 12 Figure II-12: Illustration of the measurement of the quantity X The probability that the value of the quantity X belongs to the interval [µX-a; µX+a] is equal to 1, in theory. If there is no specific knowledge about the possible values of X within the interval, so it is equally probable for X to take any value within the interval. A continuous uniform distribution (Figure II-13) of the values can be used to represent the position of X.

Figure

  Figure II-13: Continuous uniform distribution

  figures are equivalent single line diagram. For readability reasons, only one pole is depicted. For the considered structures, length of links is generally in the range of 200 km and the rated power of the converters is in the range of the gigawatt. The choice of those values has been done according to the latest HVDC links based on MMC technology.

Figure

  Figure II-14: Point-to-point HVDC link A converter called substation #2 in-feeds 1000 MW to the link. The link is made of two cables of 200 km. Then another 1000 MW converter is located at the opposite end.

Figure

  Figure II-15: 6-terminal HVDC grid This medium size grid is made of six converters and seven links, as shown in Figure II-15. It associates a loop with four links and also combines two antennas. The presence of antennas and a meshed part in a same system gives the opportunity to compare the consequences of the fault occurring in different locations. It also gives the opportunity to try if it is possible to implement a single algorithm for the identification of the faulty pole working either in the meshed part or in the antennas.

First

  choices have been justified such as the choice of a cable based HVDC system, the choice of a full selective protection philosophy and the recourse to symmetric monopole configuration. Also important information on the recourse to devices and their performances were discussed with surge arresters and hybrid DC circuit breakers. The description of the DC overcurrent self-protection of the MMC converter has highlighted what are the limitations of the converter. It has laid the foundation for further studies related to the withstand ability of the converter during faults on the DC side.

A

  fault is implemented in a point-to-point DC link, at 0 km from Substation #2 with a fault resistance equal to 0 Ω. A scheme of the fault in the test link is depicted below in Figure III-1. It is a single line equivalent representation of the DC link.

Figure III- 1 :

 1 Figure III-1: Fault location in the point-to-point DC linkThe system operates under symmetric monopole configuration. All the figures introduced in this chapter correspond to this configuration. In appendix §A.3 at the end of this dissertation, similar figures obtained from an equivalent system operated under a bipole configuration are provided. Even if DC circuit breakers are not included in this test case, the reactors belonging to DC circuit breakers are present at each cable end. A value of 100 mH is assigned. The pre-fault current goes from converter #2 to converter #1, as

Figure III- 2 :

 2 Figure III-2: DC currents at the DC output of the in-feeding converterThe first observation is that the current on the faulty pole (blue curves) increases, even if before the fault the current is flowing out like depicted in Figure III-3. Then, the second important observation is the difference between the magnitudes observed in the two fault cases. Currents in the pole-to-pole fault case have a greater magnitude than currents observed in the pole-to-ground fault case. This difference makes sense and can be

Figure

  Figure III-3: DC currents at the DC output of the out-feeding converter It is also possible to note that the magnitude of signals measured close to the fault location (cf. Figure III-2) is greater than the magnitude of signals coming from a farther measurement location such as in Figure III-3. This phenomenon is normal because the distance is, in the first case, equal to zero while in the second case it is equal to the length of the link. The distance between the measurement and the fault location is equivalent to a resistance which damps the consequences of the fault.

Figure III- 4 :

 4 Figure III-4: DC voltages at the DC output of the in-feeding converter

  voltage measurement is plotted with dotted lines. The voltage magnitude on the healthy pole of the pole-to-ground fault case increases toward 2 pu, namely 640 kV on Figure and Figure III-5, but the DC surge arresters located at each cable terminal limit the overvoltages to 1.8 pu.In the case of the pole-to-ground fault, the converter is nearly capable of providing its rated pole-to-pole voltage at the DC side. The voltage of the healthy pole is shifted while the voltage of the faulty pole is near zero. This shift of the voltage is possible because of the symmetric monopole configuration, the absence of a neutral reference on the DC side of the converter and the type of fault which is a pole-to-ground fault. The voltage of the healthy link can increase and the converter is still capable to apply a DC pole-to-pole voltage. During a pole-to-pole fault, the shift of the voltages is not possible because both poles are affected by the fault and the converter cannot provide its DC pole-to-pole voltage anymore and the current increases a lot (cf. Figure III-2 and Figure III-3).

Figure III- 6 :

 6 Figure III-6: DC pole-to-pole voltage at the DC output of the in-feeding converter On Figure III-6, DC pole-to-pole voltages are plotted. It is easy to see that in the pole-toground fault case, the converter applies a pole-to-pole voltage close to the pre-fault value.It is approximately equal to 590 kV during the first three milliseconds (92 % of the prefault DC pole-to-pole voltage) and then it decreases to 500 kV (78 % of the pre-fault voltage). In the pole-to-pole fault case, the voltage rapidly drops to near zero at the converter output close to the fault. This fast drop is normal because the fault is close (0 km), only the DCCB inductance is located between the fault and the converter, and both poles are faulty.

Figure

  Figure III-7: AC currents at the AC side of the in-feeding converter

Figure III- 8 :

 8 Figure III-8: AC voltages at the AC side of the in-feeding converter The phase-to-phase voltages are depicted in Figure III-9. The signals for the pole-toground fault case show that voltages remain close to their rated value while voltages for the pole-to-pole fault still collapse.

Figure

  Figure III-9: AC phase-to-phase voltages at the AC side of the in-feeding converter

Figure III- 10 :

 10 Figure III-10: Fault location at the AC side of the converter The fault is located at the primary side of the transformer, which means in the AC transmission system side of the transformer. The fault is 0 km far with a resistance equal to 0 Ω and it happens at t = 0 ms. An illustration is provided in Figure III-10. In this section, only DC signals are shown.

Figure III- 11 :

 11 Figure III-11: DC currents during a fault on the AC side of the in-feeding converter The 3-phase fault on the AC side considered here is balanced. It means that signals from positive and negative poles on the DC side will have similar behavior. On Figure III-11, on the curves on the right corresponding to the AC fault case, the currents from both poles

Figure

  Figure III-12: DC voltages during a fault on the AC side of the in-feeding converter

   is considered in this part of the chapter. Fault F1 is applied near to converter #3 on the link between converter #3 and #4 called Link34 with a fault resistance of 0 Ω. It is a pole-to-ground fault, happening at t = 0 ms.

Figure III- 14 :

 14 Figure III-14: Location and details of the considered fault case

Figure

  Figure III-15 shows the current observed at each side of the faulty link. The faulty link is the Link34. The measurements are done at the protection relays location, at the ends of the link. The protection relay PR34 is the relay located on the Link34, close to the

Figure

  Figure III-15: DC currents at each side of the faulty link

   gathers measurements of current from two different healthy links, namely Link56 and Link23. Those two links have been chosen among all the healthy links. Link56 is an antenna while Link23 is located in the meshed part of the test DC grid.The faulty pole of the healthy links is depicted with blue curves. Depending on the location of the current measurement in the grid, the current on this faulty pole can increase or decrease. Indeed, for instance, the measurement done at the protection relay PR32 location is close to the fault location but the current on the faulty pole decreases. The current in the DC grid always flows toward the fault location, therefore the fault current leaves the adjacent links to go to the faulty link. Therefore currents on the faulty pole of healthy links could decrease. Those observations are true for the front wave of current caused by the fault occurrence.

Figure

  Figure III-16: DC currents from both ends of healthy links: Link56 at the top, and Link23 at the bottomAn exception to this rule can be met in the case of a link located in a loop in a DC grid with a length higher than the sum of the lengths of the other links of this same loop. This feature on the grid topology had been included in the test DC grid shown earlier in Figure III-14, with the Link12. A fault located at the end of this long link may lead to current circulations which do not comply with the principle saying that the current must increase at both ends on the faulty pole of the faulty link. The current flows through the DC grid toward the fault location. The shortest path to reach the fault location may be different than the faulty link itself. This assumption is true if no inductances are used in the DC grid.

Figure

  Figure III-17 shows current derivatives. The curves on the left are from current measurements done at the protection relay PR34 location, on a faulty link. The curves on the right show the current derivative calculated with the current measured at the protection relay PR32 on a healthy link.

Figure III- 17 :

 17 Figure III-17: Current derivative on a faulty link (on the left) and on a healthy link (right) The current derivatives give us the opportunity to observe the reflections between the fault location and the end of the faulty cable. Those reflections are not observable in a current against time profile. Moreover, putting aside the orientation of the front wave peak of the current derivative, the magnitude of this front wave peak is greater in the faulty link (on the left on Figure III-17) than in a healthy link (on the right), even if the locations of the measurements are very close like in Figure III-17. Indeed, in this last figure, the measurements are done at protection relays PR34 and PR32 locations which are

For

  instance, in Figure III-15, the current on the faulty pole (blue curves) is mainly made of the capacitive discharge of the adjacent healthy cables. This phenomenon has duration of few milliseconds, approximately up to 5 ms. in the DC grid and before the converter triggers its self-protection against overcurrents, the IGBTs continue their operation. The capacitor of the submodule (cf.

Figure

  Figure III-4) discharges its energy when IGBT S1 is closed.

Figure

  Figure III-18: Half-Bridge submodule (Zeng et al. 2015)The current from the capacitive discharge of the capacitor of the submodules flows toward the fault location. This capacitive discharge stage finishes when the DC overcurrent self-protection starts, or if the fault in the DC grid is isolated. Indeed, the DC overcurrent self-protection forces IGBTs S2 to close and S1 to open in order to shortcircuit the submodules. Then, the capacitor of the submodules does not discharge anymore.

Figure III- 19 :

 19 Figure III-19: DC voltage at each end of the faulty link: normal view on the top, a zoom-in on the bottom Figure III-19 shows the voltage at each end of the faulty link. The voltage on the faulty pole (blue curves) drops to zero. It is also possible to note that the voltage magnitude on the healthy pole increases. This phenomenon is normal for pole-to-ground faults in a symmetric monopole HVDC system.

Figure III- 20 :

 20 Figure III-20: DC voltages from both ends of healthy links: Link56 on the top, and Link23 on the bottomThe observation of the voltage on healthy links is provided in Figure III-20. The voltage always decreases on the faulty pole when a fault is occurring, whether the measurements are made on the faulty link or on a healthy link. The fault is done at t = 0 ms but the voltage drop does not exactly happen at t = 0 ms but a little bit later. This is due to the remoteness of the measurement location versus the fault location. This delay is approximately equal to the distance between the fault and the measurements location divided by the average propagation speed.

Figure III- 21 :

 21 Figure III-21: Voltage derivatives: Faulty link on the left and healthy link on the right

Figure III- 22 :

 22 Figure III-22: Critical fault domain for the converter #2

  considered.Coming back to Figure III-22, the critical fault resistance range for the Link23 from the converter #2 constraints is[0; 11] Ω. 11 is the maximum critical fault at the farthest location. This critical fault resistance range must be covered by algorithms for fault detection implemented in the protection relay PR23. The same study can be done for each converter and their adjacent links. The results are gathered in TableIII-1. The critical fault resistance ranges are chosen in order to include maximum critical fault resistance found at the farthest location of the link. The setting of algorithms for the identification of the faulty link is done by considering signals observed at the farthest location. Indeed remote internal faults with non-zero fault resistance are the most difficult ones to discriminate with close external with a fault resistance of 0 Ω. Only two different fault resistance ranges have been used here: [0; 50] and [0; 110] Ω. With only two ranges, the setting stage of algorithms is made easier. Moreover, the same fault resistance range is applied to the two protection relays located at each end of a same link.

  Figure III-23, 0 Ω faults are done at different locations on the adjacent links to the converter #2 (Link23 and Link12). The DC overcurrent limit is set to 2.0 pu on the current at the DC output of the converter. The rising time of each fault case is reported on the figure below.Three different inductances are compared there. These inductances can be considered as being embedded inside the DC circuit breaker.

Figure III- 23 :

 23 Figure III-23: Rising times at converter #2 for several inductances With an inductance of 0 or 10 mH, the rising time is smaller than 1 ms. The opening time of a hybrid DC circuit breakers is at least 2 ms long. It seems quite impossible to open such breakers within a rising time shorter than 1 ms. With 100 mH, the rising time is longer, in the range of 3 ms. Such duration makes sense with the opening time of hybrid breakers. Similar studies are possible for each converter of the test grid. On Figure III-24, the rising times observed at the remote end of each antenna are plotted.

Figure III- 24 :

 24 Figure III-24: Rising times observed at the remote end of antennas (converters #6 and #7)As it was discussed in §III.2.4, antennas provide different observations, especially for current. There, even with an inductance of 100 mH, the rising time is lower than 1 ms. It makes difficult to open the hybrid DC circuit breaker located at the end of the antenna within the rising time. This observation is an argument in favor of non-using breakers at the end of antennas.

Figure III- 25 :

 25 Figure III-25: Rising times at converter #2 for several DC overcurrent limits

  strategy for HVDC grids with cables ...................................... 113 IV.1. Suggestion of fault detection algorithms .......................................................... 114 IV.2. Implementation of the non-unit selective algorithm ....................................... 127 IV.3. Validation of the protection strategy ................................................................ 142 IV.4. Conclusion ......................................................................................................... 159 Summary This chapter presents the solutions provided for the identification of the faulty link in a multi-terminal HVDC grid in accordance with a full selective protection philosophy. The operation of those algorithms together is widely discussed during the chapter while constraints such as maximum fault clearing time and measurement uncertainties have been also introduced. The identification of faults in the range of [20; 50] Ω leads us to suggest a specific solution based on the use of the fault current limiting mode of hybrid DC circuit breakers. Models of hybrid DC breakers are then used in order to clear faults. Then, as a way to conclude, the results of a parametric study are presented in order to highlight some aspects of the protection strategy and to validate its overall operation.

  Figure IV-1 will give useful information for the reader when examples will be shown to introduce the algorithm. It reminds the topology of the considered DC grid.

Figure IV- 1 :

 1 Figure IV-1: Illustrative fault cases in the medium size test DC grid IV.1.1.2. Description of the three stages

Figure IV- 2 :

 2 Figure IV-2: Voltage derivatives seen at protection relay PR23 Two fault cases are compared. The first fault case (on the left on Figure IV-2) is internal from the protection relay PR23 point of view, on the Link23, with a fault resistance of 50 Ω occurring 210 km far from the relay. The second fault case (on the right) is an external fault, located on Link56, with a fault resistance of 50 Ω located 900 km far from the relay PR23. Those fault cases are respectively shown on Figure IV-1 as Fint and Fext1. On this figure, distances are always referenced from the converter with the smaller index.

Figure IV- 3 :

 3 Figure IV-3: First criterion of the non-unit selective algorithm Figure IV-3 summarizes the first criterion, with the voltage derivative as input and the three possible outputs depending on the crossing of the two thresholds set on the voltage derivative by the front wave peak. On Figure IV-3, only the voltage derivative from the positive pole is used as input. The voltage derivative is separately considered in a twin process not depicted in this figure.

  Figure IV-1.

Figure

  Figure IV-5: Second criterion of the non-unit selective algorithm IV.1.1.2.3. Third criterion

Figure IV- 6 :

 6 Figure IV-6: Second order current derivative seen at relay PR23 Back to Figure IV-1, those fault cases are referenced as Fint and Fext2. These are the two fault cases (one internal and one external) the most difficult to discriminate for protection relay PR23. One can see on Figure IV-6 that it is possible to set a threshold to discriminate those two cases on the basis of the second order current derivative. The exceeding of the threshold of the third criterion leads the algorithm to conclude that the fault is internal and DC circuit breakers can trip. If the front peak of the second derivative of the current does not reach this threshold within 2 ms after the algorithm has started at t0, then the algorithm concludes that the fault is external. Such delay is necessary in order to end up the algorithm in case the front wave peak on the second order current derivative does not reach the threshold used for the discrimination. The value of 2 ms has been arbitrarily chosen; it is only required to end up the algorithm operation.

Figure IV- 7 :

 7 Figure IV-7: Third criterion of the non-unit selective algorithm Figure IV-7 summarizes the operation of the last criterion. In case of internal fault, tripping orders are sent to the corresponding DC circuit breakers.

Figure

  Figure IV-8: Overall operation of the non-unit algorithm IV.1.1.4. Conclusions

Figure IV- 9 :

 9 Figure IV-9: Differential current of the Link23, calculated at protection relay PR23

  3.1.2, the critical fault domain must be covered by fast fault detection algorithms. The non-communicating selective algorithm based on derivative signals introduced in §IV.1.1 is used in order to detect critical faults. IV.2.1. Approach with ideal measurements accuracy The non-communicating selective algorithm based on derivative signals can be set in order to detect any internal fault within the corresponding fault resistance range ([0; 50] Ω on meshed parts and [0; 110] Ω on antennas). It has been shown in the previous paragraph that it is possible to set thresholds in order to validate each stage of the algorithm. Figure IV-10 shows that low resistance faults are covered with both algorithms. However, the non-unit algorithm will act first. Then, the identification of the non-critical internal faults is done with the communicating selective algorithm based on differential current, from 0 and up to 400 Ω (cf. Figure IV-10). The Y-axis shows the operating time of the algorithms. The information provided in this Y-axis is indicative.

Figure IV- 10 :

 10 Figure IV-10: Fault resistance domain and algorithms used This demonstration has been done considering inductances of 100 mH and an ideal accuracy of the current and voltage measurements. Also the critical fault domain has been

  1. A threshold is set using signals from the EMTP software. Those signals are current derivative (first and second orders) and voltage derivative (first order only). They are considered as a reference and are noiseless. Using EMTP signals, the gap between the two sizing cases used to set a threshold must be greater than two times the expanded uncertainty (cf. equation (IV-2)

From

  our observation of the 6-terminal test DC grid during these thesis works, it has been possible to identify a maximum magnitude of the voltage derivative equal to 8 MV/s and a maximum magnitude of the current derivative equal to 240 kA/s. Both magnitudes come from close AC three-phase fault cases with a fault resistance of 0 Ω. In other words, for any normal operation variations or any AC side faults, both previous derivative values will never be exceeded. Those two values are going to be used in order to set again the threshold of the non-unit selective algorithm while complying with the uncertainties and making the algorithm of fault detection insensitive to either AC faults or maximum variations of the power setpoints. The Non-DC fault area is depicted in Figure IV-11 where a voltage derivative against current derivative profile is plotted. The green square in the middle gathers the non-DC fault area (previously defined) and their uncertainties.

Figure

  Figure IV-11: Non-DC fault areaIV.2.2.3.2. Voltage derivative and first criterion

Figure IV- 12 :

 12 Figure IV-12: Thresholds on the voltage derivative

  For instance, back to the illustration available on Figure IV-6, it is impossible to discriminate signals with such uncertainties. Even with a reduced fault resistance range such as [0; 20] Ω, it is still impossible to use the second order current derivative.

  reduced fault resistance range of [0; 20] Ω suggested before, it becomes possible to discriminate between internal and external faults while complying with the uncertainty on meshed parts of the test DC grid. It is still impossible to perform it at the remote end of antennas. Again, parametric studies have been used to validate the fact that the first order current derivative can discriminate internal and external faults over the [0; 20] Ω fault resistance range. On Figure IV-13, in addition to the thresholds on the voltage derivative previously set, the positive and negative thresholds on the current derivative are added to the profile.

Figure IV- 13 :

 13 Figure IV-13: Complete set of threshold on current and voltage derivatives for protection relay PR23 The negative threshold on the current derivative is set to -400 kA/s, regarding the non-DC fault area. The positive threshold used for the discrimination has a different value for each protection relay. This last one must split close external faults with 0 Ω from far internal fault with high resistance (20 Ω). For instance, the illustration provided on Figure IV-13 corresponds to the protection relay PR23. The magnitude of the current derivative front wave peak of the worst external fault case is equal to + 699 kA/s (dImax_external,0Ω) while the magnitude of the current derivative front wave peak of the farthest internal fault case with a fault resistance of 20 Ω is equal to + 951 kA/s (dImax_internal,20Ω). The

Figure IV- 14 :

 14 Figure IV-14: Fault resistance domain and algorithms used, while taking into account uncertainties

  2 gathers all the thresholds used for the non-unit selective algorithm.

  Figure IV-16.

Figure IV- 16 :

 16 Figure IV-16: Illustrative fault case On Figure IV-17, the current derivatives calculated at both ends of the faulty link (Link12) are plotted. With 30 Ω, the fault is out of the fault resistance range covered by the selective non-unit algorithm. Different thresholds are depicted in this figure. Green and cyan curves are the thresholds used by the non-unit selective algorithm. Their values are

Figure

  Figure IV-19 shows the fault resistance ranges covered by the algorithms introduced before. The non-unit non-selective algorithm makes it possible to identify faults up to 50 Ω.

Figure IV- 19 :

 19 Figure IV-19: Fault resistance domain covered by each of the three algorithms used All fault detection algorithms used in this protection strategy consider the front wave peak of signals. The recourse to the fault current limiting mode does not have any impact on the identification of the faulty link.

  of identification of internal faults by the non-unit selective algorithmWith a fault resistance of 0 Ω, the identification of the faulty link is the fastest, in less than 100 µs. The calculation of the derivative signals involves a delay of four samples ( 4*10 µs) due to the recourse to the algorithm of Savitzky-Golay. So with 0 Ω, the identification of the faulty link is then made in a selective way in less than 140 µs.

With 0

 0 and 20 Ω, the 263 (= Tint) identifications of internal faults are done with the nonunit selective algorithm. Nevertheless, the non-unit non-selective algorithm initiates the opening of DC circuit breakers. Hybrid DC breakers located on healthy links have their first branch open (the mechanical branch, where the current flows during normal operation).

  5 gathers the number of fault cases leading to a triggering of the DC overcurrent self-protections with a fault resistance of 0 Ω. We can remind that there are 152 (= Nfault) different fault locations in the test DC grid. of fault cases leading to a triggering of the DC overcurrent self-protections

  of fault cases leading to a triggering of the DC overcurrent self-protections, with 20 and 30 Ω With 20 Ω, the identification of the faulty line is made with the non-unit selective algorithm. The tripping orders are received earlier by the DC circuit breakers which do a straight opening with no recourse to the fault current limiting mode. No converter exceeds the DC overcurrent limit.

  order to prevent DC circuit breaker failure or any non-detection of internal faults by the protections, tripping orders can be sent to adjacent DC circuit breakers thanks to communication devices. The use of the fault current limiting mode of the hybrid DC circuit breakers is possible as part of a non-unit backup strategy. The opening of the first branch of hybrid DC circuit breakers and the use of the fault current limiting mode operate as a backup. Indeed, in case a DC circuit breaker does not trip, close DC breakers have already started to open their first branch in order to perform a limitation of the fault current. If at the end of the maximum duration allowed the limitation is still active or if a tripping order comes from a communicating backup algorithm, the DC breaker will fully open.

   which are both pole-to-ground fault cases.

Figure

  Figure IV-20: 6-terminal DC grid, with two fault cases (F1 and F2)

  ). On Figure IV-21, the voltage derivatives from the positive pole calculated at the two ends of the faulty link (PR23 and PR32) first cross the negative threshold. So, the fault involves the positive pole in a pole-to-ground fault case. The non-unit selective algorithm can start. On the healthy link (PR34 and PR43), the thresholds on the voltage derivative are not crossed.

Figure IV- 21 :

 21 Figure IV-21: Fault case F1: voltage derivatives on the faulty link (on the left) and on a healthy link (on the right)

Figure IV- 22 :

 22 Figure IV-22: Fault case F1: current derivatives on the faulty link (on the left) and on a healthy link (on the right)Still on Figure IV-22, the thresholds of the non-unit non-selective algorithm are also plotted, with the black and cyan curves. This non-selective algorithm shall satisfy a single criterion in order to provide orders to DC circuit breakers to launch their fault current limiting mode. For the faulty link and the relays PR23 and PR32, the non-unit selective algorithm response has a higher priority than any other algorithm when an internal fault is identified. However for the healthy link Link34, relays PR34 and PR43 provide orders for the limiting mode.

Figure IV- 23 :

 23 Figure IV-23: Fault case F1: currents on the faulty link (on the left) and on a healthy link (on the right) On Figure IV-24, the differential current is shown. The differential current of a link is calculated at both ends of the considered link, and those two signals are the same. It is why there is only one figure for two protection relays. The positive and negative threshold of the communicatig selective algorithm based on the differential current are also plotted

Figure IV- 24 :

 24 Figure IV-24: Fault case F1: differential currents on the faulty link (on the left) and on a healthy link (on the right)

Figure IV- 26 :

 26 Figure IV-26: Fault case F2. Observation of the faulty link: voltage derivatives (on the left) and current derivative (right)

Figure IV- 27 :

 27 Figure IV-27: Fault case F2. Current (on the left) and differential current (on the right) at protection relay PR12 On Figure IV-28, currents at the DC output of converters #1 and #2 are plotted. Those two converters are located at each end of the faulty link. Converter #1 provides a DC current beyond the threshold (green curve) corresponding to the self-protection against DC overcurrent. This exceeding of the current threshold might have been avoided if the fault current limiting mode would have started earlier. For instance, if instead of 3 kA, the limiting mode would have started at 1 kA, the DC circuit breaker would have limited the fault current to a lower value.

Figure IV- 28 :

 28 Figure IV-28: Current at the DC output of converters #1 (on the left) and #2 (on the right)

[

  20; 50] Ω. This solution combines the use of a non-unit non-selective algorithm and the recourse to the fault current limiting mode of hybrid breakers. Such solution has been validated in this chapter and could be expanded as a non-unit backup solution like it is discussed in §IV.3.6. Also, as it had been discussed several times in this dissertation, it remains difficult to clear faults on antennas. The allowed time of eliminate the fault is short and the identification of faults in the range of [10; 110] Ω in a selective way with no recourse to communication has not been solved. Below 110 Ω, a fault on the antenna results in the triggering of the self-protection of the converter located at the remote end of the antenna. Faults on antennas are isolated from the rest of the HVDC grid thanks to the DC circuit breakers located on the end of antenna on the side of the HVDC grid. Then the converter will stop and protect itself and AC circuit breakers will trip.

  and thus the maximum current to break during a DC fault. By this way it provides time for the tripping process of the DC breaker. The inductor is always on the path of the current because it is located at the entrance of the hybrid DC circuit breaker, in series with the different branches of the hybrid breaker which open during the tripping process. During these thesis works, two values of inductance have been considered namely 10 and 100 mH.

  3.2). A comparison of the available clearing time has been shown considering three different inductances 0, 10 and 100 mH. The converters have self-protections to prevent any damages due to overcurrents. Considering the selfprotection against DC overcurrents at the DC side of the converter and a threshold of two times the rated current at the DC side of the converter (cf. §II.4 and §V.6), the fault clearing time has been defined as being the duration between the instant the current starts to rise due to the DC fault and the instant the current triggers the self-protection of the converter. It has been shown that inductances of 0 or 10 mH do not provide enough time in order to clear the fault before the converter starts to protect itself. Considering 100 mH, it is possible to meet fault clearing times in the range of 2 ms, it means in the range of the opening time of hybrid DC circuit breakers.

Figure V- 1 comes

 1 from §IV.2.2.4 where the integration of uncertainties has been discussed.

Figure V- 1 :

 1 Figure V-1: Fault resistance domain and algorithms used, while taking into account uncertainties

  Chapter 1, recent technical improvements make possible the deployment and the exploitation of a multi-terminal HVDC grid. The VSC-MMC technology for converter suits well for a multi-terminal structure for several reasons. VSC converters are bidirectional and do not require polarity reversal for reversing the power flow direction.Also the MMC type of VSC does not require any filtering stage. Then the configuration, the type of submodule for the VSC-MMC converter and the type of link (cables or overhead lines) are chosen depending on the application. Protection is still an on-going topic of research for HVDC grids. The fault clearing process is time and current constrained. The interruption of a DC current is difficult because there is no natural crossing of 0 V and the rate of rise of the current can be high. Therefore, protection strategies must act as fast as possible in order to reduce the consequence of the apparition of the fault. Possible protection philosophies exist. The choice of the protection philosophy will impose the choice of the DC circuit breaker technology, impose the number of breakers used and define the protective zones.In this thesis, a multi-terminal HVDC grid made with cables only and with Half-Bridge VSC-MMC converters has been considered. The protection philosophy is full selective. The hybrid DC circuit breaker technology has been chosen too. These choices have been widely discussed during Chapter 2 and their implementation in EMTP described. The recourse to underground/undersea cables restricts the fault type to permanent pole-toground faults on the links. Pole-to-pole faults are unlikely to happen in a cable system.Moreover cables are usually considered by RTE for HVDC and, in the case of the deployment of an HVDC grid in Northern Europe, cables should be privileged. Then a symmetric monopole configuration was considered. Such configuration ensures a low steady-state current during pole-to-ground faults on the DC side. The submodules are Half-Bridge type. Losses are lower than with Full-Bridge submodules but it is not possible to consider a fault blocking capability for the MMC converter with Half-Bridge submodules. We have considered that, face to permanent faults only, the fault blocking capability does not appear to be an indispensable feature. Self-protection against DC overcurrent in the converters has been introduced in this chapter. Finally, for the fault clearing process, hybrid DC circuit breakers have been chosen because they are a good compromise between the performances of a purely static breaker and a mechanical breaker, though they require an inductance of 100 mH. Their opening time is short enough in order to be applied within a full selective protection philosophy which has been privileged here. Such philosophy must ensure the best availability for the multi-terminal HVDC grid despite DC side faults. DC side faults were the main concern of Chapter 3. Their observation has been done at the DC output of converters and also at cable terminals. It was the opportunity to lay down rules about current circulation, voltage drop and system behavior, when a fault is occurring. Also, the notion of critical fault has been introduced. A critical fault is, from a converter point of view, a fault internal to an adjacent link with a fault resistance small enough to cause the triggering of the DC overcurrent self-protection of the converter with the exceeding of a threshold by the current at the DC side of the converter. From this definition, critical fault resistance ranges have been defined for each protection relay by taking into account the limitations of the neighboring converter. Such fault resistance ranges gather all critical faults. These ranges are then used by the protection strategy: protection algorithms are set in order to identify faults over the whole fault resistance range.A non-unit selective algorithm is introduced in Chapter 4. This algorithm has been developed during these thesis works and it aims at identifying internal faults in a selective way without recourse to communication by considering the front wave of derivative signals. Faults up to a hundred of ohms can be identified by the algorithm, in compliance with the defined fault resistance ranges. Then for the identification of high resistance faults, a slower algorithm was considered based on communication. The differential current is used in this algorithm; this principle already exists before this thesis. In our studies, measurement uncertainties have also been considered and their integration led us to reconsider the maximum fault resistance identifiable by the non-unit algorithm. A solution considering hybrid DC circuit breakers with a fault current limiting mode has been suggested in order to help the clearing of medium resistance faults. A validation stage of the fault clearing process has shown that faults are mainly cleared before the DC current of the converter exceeds the overcurrent limit. Chapter 5 suggests a set of recommendations in order to drop to zero the number of fault cases that leads to the loss of a converter.The study of the protection of this multi-terminal HVDC grid could be continued in several ways. The failure of protection devices has not been treated. Failure may appear either on DC circuit breakers, on measurement devices or on protection relays. The study of such failure is primordial for improving the robustness of the protection system. The restoration of the voltage balance after a fault clearing is worthy of attention. Once a poleto-ground fault has been eliminated, the voltage balance may not quickly come back to its pre-fault state. Then, overhead lines should be included in the test DC grid in order to mix cables and lines in a single system. The observations of voltages and currents should differ and other algorithms or fault detection should be required.Inductances of 100 mH are suggested in this thesis for the HVDC grid. The research of optimum values for inductances should provide useful results. Such study should consider if a single value of inductance is required for the whole DC grid, or different value for each cable end, or consider a single value for DC output of converter and another value for cable end. Also, unidirectional circuit breakers can be investigated. In a full selective protection philosophy, unidirectional breakers should be acceptable. But in case of failure, it is not certain that such breakers would suit. In this thesis, hybrid DC circuit breakers with a fault current limiting mode have been considered. The study of the contribution of the limiting mode can be further investigated and it will allow more possibilities for protection strategies.

Figure A- 1

 1 Figure A-1 shows how the currents in the MMC converter are denominated for the next calculations.

Figure A- 1 :

 1 Figure A-1: Denomination of each current in the converter Equations (A-1) and (A-2) provide relationships between arm current, current on the DC side and current on the AC side. Those two equations are true in the time domain.

  So the two sides of the equality in (A-44) are identic. The same calculations are possible with lower arm currents.

  the rated AC current for one phase [A]; -Srated, the rated power of the converter [VA]; -UAC_sec_RMS_LL_rated, the rated AC voltage at the secondary side of the transformer [V]. This value is a phase-to-phase RMS voltage.The use of term √2 is necessary in order to consider peak values.The rated DC current is easily calculated:

Figure

  

Figure A- 2 :

 2 Figure A-2: DC currents at the DC output of the converterThe observation of the AC currents (cf. Figure A-3) shows that the current is close to its rated value. The peak magnitude is equal to 2552 A.

Figure A- 3 :

 3 Figure A-3: AC currents at the AC side of the converter The upper and lower arms currents are plotted in Figure A-4. There, it is possible to see that the peak value of the currents is close to the rated current for the arm current which is equal to 1796 A.

Figure A- 4 :

 4 Figure A-4: Currents on the upper arms (on the left) and on the lower arms (on the right) of the converter

  i), the standard uncertainty on the current [A]; -a, the accuracy of the measurement of current [%]; -Irated, the rated current [A]. We suppose the uncertainty on the time step is obtained in the same way: , observations related to the bipole configuration are introduced. A poleto-ground fault is considered, located near converter #2, at 0 km and with 0 Ω o fault resistance (cf. Figure A-5).

Figure A- 5 :

 5 Figure A-5: Fault location in the point-to-point DC link

Figure A- 6

 6 Figure A-6 shows the currents measured on each pole at the DC output of the converter while Figure A-7 depicts the DC voltages.

Figure A- 6 :

 6 Figure A-6: DC current at the DC output of the converter -Pole-to-ground fault case Above, on Figure A-6, the current corresponding to the faulty pole is depicted with the blue curves. The current on the faulty pole in the bipole case strongly increases, up to 15 kA within the first five milliseconds. The current on the healthy pole (red curves) remains close to its rated value, decreasing a little bit after the first ten milliseconds. Both poles are independent therefore the effects of the fault only affect the faulty pole.

Figure A- 7 :

 7 Figure A-7: DC voltage at the DC output of the converter -Pole-to-ground fault case

Figure A- 8 :

 8 Figure A-8: AC current at the AC side of the converter -Pole-to-ground fault caseFigure A-9 and Figure A-10, the AC voltages are plotted, respectively the phase-to-neutral voltages and the phase-to-phase voltages. In the same manner than for the AC currents, six phases are plotted for the bipole configuration.

Figure A- 9 :

 9 Figure A-9: AC voltage at the AC side of the converter -Pole-to-ground fault case

Figure A- 12 :

 12 Figure A-12: Currents at both ends of the faulty link (Link13) with current thresholds

  Figure A-14 shows this kind of profile for the protection relay PR13 of the small test DC grid. The first group of data gathers the points corresponding to internal faults (red points) while the second group of data gathers the external fault (blue ones).

Figure A- 14 :

 14 Figure A-14: Time difference versus distance profile for protection relay PR13

  For instance, for the protection relay PR23 a smaller value for the positive threshold of current (PCT) has been chosen, with "+ 40 %". the DELTA time threshold [s]; -TimeDifference, the time difference between the two crossing instants of the current thresholds [s]; -εT, the EPSILON time threshold [s]; -MinTD, the minimum time difference [s].The fault is external to the DC link if the time difference satisfies one of those two conditions. Only an order from a backup algorithm is able to let the DC circuit breakers trip.

  Figure A-14 and they correspond to the external fault cases which disrespects the time thresholds. Each protection relay in the meshed part of the MTDC grid has a farthest point in the loop.

Figure

  Figure A-15 summarizes how the non-unit algorithm using rising times operates.

Figure A- 15 :

 15 Figure A-15: Overall operation of the non-unit algorithm using rising times

Figure V- 16 :

 16 Figure V-16: Différence de coûts entre une liaison AC et le DC Une liaison HVDC est intégrée dans le réseau de transport par l'intermédiaire de convertisseurs qui assurent la transformation du courant alternatif en courant continu. Si le recours aux liaisons HVDC point-à-point est connu et maitrisé, l'exploitation de structures multi-terminales à courant continu requiert encore la levée de certains verrous technologiques pour devenir possible. Ces principaux verrous sont la protection du réseau HVDC et la coupure du courant continu. Cette thèse se focalise sur la protection d'un réseau multi-terminaux à courant continu.

Figure V- 17 :

 17 Figure V-17: Convertisseur VSC-MMC a) et sous-module en demi-pont b)

Figure V- 19 :

 19 Figure V-19: Structure d'un disjoncteur hybride à courant continu Un des objectifs de cette thèse est la mise en oeuvre d'une stratégie de protection à sélectivité totale. Ce type de protection est appliqué dans les réseaux de transport AC traditionnels. Cela signifie que lorsqu'un défaut survient dans le réseau à courant continu, uniquement la zone en défaut est déconnectée. Les parties saines du réseau doivent continuer de fonctionner malgré l'apparition du défaut et son élimination.

Figure V- 21 :

 21 Figure V-21: Réseau test à six terminaux

Figure V- 22 :

 22 Figure V-22: Observation des courants et tensions en sortie de convertisseur, lors d'un défaut côté DC Les observations proposées en Figure V-22 considèrent à la fois les cas de défaut pôleterre (défaut impliquant un seul conducteur) et les cas de défaut pôle-pôle (impliquant deux conducteurs). Cependant, notre système d'étude considère uniquement des câbles souterrains et/ou sous-marins. La probabilité d'apparition de défauts pôle-pôle est faible devant la probabilité d'apparition de défauts pôle-terre. Ainsi, notre stratégie de protection se focalisera uniquement sur les cas de défauts pôle-terre, comme sur la Figure V-23.

Figure V- 23 :

 23 Figure V-23: Observation des courants et tensions à l'extrémité d'un câble en défaut, lors d'un défaut côté DC De plus, dans ce chapitre, les temps de montée du courant en sortie de convertisseur ont été étudiés. Ce temps de montée est calculé entre l'instant où le courant commence à croitre (au lieu de mesure) du fait de l'apparition du défaut et l'instant où l'autoprotection contre les surintensités du convertisseur est sollicitée. Ce temps varie selon la valeur de l'inductance et selon le type de critère considéré pour l'autoprotection (cf. Figure V-24).

Figure V- 24 :

 24 Figure V-24: Comparaison de la taille de l'inductance (gauche) et du type de critère pour l'autoprotection (droite)La notion de défaut critique est introduite dans ce chapitre. Il s'agit d'un défaut dont la résistance est suffisamment petite pour causer le déclenchement de l'autoprotection d'un des deux convertisseurs encadrant le lieu de défaut (en considérant des défauts pôleterre). La connaissance de la valeur de la résistance défaut à partir de laquelle un défaut ne sollicitera plus l'autoprotection du convertisseur contre les surintensités est une information importante pour le réglage des algorithmes de protection.

Figure V- 25 :

 25 Figure V-25: Premier critère de l'algorithme de détection proposé

Figure V- 28 :

 28 Figure V-28: Association d'algorithmes Cette association est possible dans le cas où les mesures effectuées sont idéales et sans imprécision. En prenant en compte les incertitudes de mesures évaluées lors du chapitre 2, il devient difficile d'utiliser l'algorithme sur un aussi large intervalle de résistance de défaut. En effet les incertitudes rendent notamment impossible l'utilisation de la dérivée

Figure V- 29 :

 29 Figure V-29: Réglage de l'algorithme non-communicant sélectif en tenant compte des incertitudes Pour pallier la réduction de l'intervalle de résistance de défaut couvert par l'algorithme communicant, un algorithme non-communicant non-sélectif est suggéré en association avec une utilisation de la fonction limiteur de courant des disjoncteurs hybrides à courant continu. Cet algorithme non-sélectif consiste en une détection de variation de la dérivée première de courant, ayant pour conséquence d'initier le recours à la fonction de limitation du disjoncteur hybride, sans ouvrir complètement le disjoncteur. Tandis que la limitation s'initie et s'opère, l'algorithme communicant sélectif apporte une information sur la nature du défaut (interne ou externe). La limitation de courant étant active, le recours à l'autoprotection des convertisseurs contre les surintensités est réduit. Ainsi, la fonction de limitation de courant des disjoncteurs de courant est mise en oeuvre pour préserver le fonctionnement des convertisseurs et donner du temps à l'algorithme communicant pour agir. L'illustration en Figure V-30 montre l'apport de cette solution.

Figure V- 30 :

 30 Figure V-30: Fonctionnement de la limitation de courant du disjoncteur hybride Enfin, le schéma de la Figure V-31 résume l'association de ces trois algorithmes.

Figure V- 31 :

 31 Figure V-31: Association finale de trois algorithmes, en tenant compte des incertitudes

  

  

  1, XLPE cables suit well with VSC converters. Those cables do normally not withstand any polarity reversal and therefore cannot be associated with LCC converters1 . A cable link is made of two cables, one for each pole. Both positive and negative poles have a rated voltage of 320 kV. Each cable is a single core cable with two conductors: a core where the current normally flows and a screen. The geometric data of INELFE DC cables are used. Those parameters are listed in

Table II -

 II 1 and correspond to a 1000 MW link under ± 320 kV.

	Cable data	Core	Screen
	Internal radius [mm]	0	56.9
	Outside radius [mm]	32.0	58.2
	Resistivity [Ω.m]	17.2 E-9	28.3 E-9
	Relative Permeability	1.0	
	Insulator Relative Permeability	1.0	
	Insulator Relative Permittivity	2.5	
	Insulator Loss Factor	0.004	
	Earth resistivity [Ω.m]	100	
	Earth relative permeability	1.0	

Table II -1: Cable data

 II 

Table II -2: Geometric data for cable link

 II 

Table II-3: Maximum DC collector current criterion

  

	At DC output [A] In a single arm [A] Per Unit [pu]
	IDC_rated	1562.5	520.8	1.0
			(average value)	
	IGBT limit		1500	2.88
	Threshold (1 st set)	3125	1041.7	2.0
	Threshold (2 nd set)	3906.3	1302.1	2.5
	Maximum threshold	4499.7	1499.9	2.88
	For the peak collector current, the threshold could be set to 1.4 pu in order to keep the
	current around 2500 A. It also could be set to 1.6 pu and the maximum peak current will
	be equal to 2874.6 A. Both solutions provide thresholds below the 3000 A of the
	maximum DC collector current.			
		In a single arm [A]	Per Unit [pu]
	Iarm_rated_peak	1796.6 (peak value)	1.0
	IGBT limit	3000		1.6698
	Threshold (1 st set)	2515.3		1.4
	Threshold (2 nd set)	2874.6		1.6
	Maximum threshold	2998.5		1.669
	Table II-3 and Table II-4 gather the information provided before. For the compliance to
	the DC collector current constraint, the threshold can be set at the DC output of the
	converter. The use of thresholds set to 2 or 2.5 pu would suit because it will respectively
	let 458 and 198 A of margin before the current reaches the maximum DC collector current
	of 1500 A.			

Table II-4: Maximum peak collector current criterion

  

Table II -5: Technical data of DC voltage dividers

 II 

	Rated value [A]	3000
	Bandwidth [kHz]	[0; 10]
	Accuracy [%]	0.2
	Measuring range [kA]	[-20; 20]
	Minimum slew rate [A/µs]	15
	Delay [µs]	20
	[kHz]	[0; 10]
	Accuracy [%]	5
	(in high frequency transients)	
	Measuring range [kV]	[32; 640]
	Delay [µs]	20

Table II -6: Technical data of zero flux current transformers

 II 

  .

	Level of confidence p [%]	68.27	90	95	95.45	99	99.73
	Coverage factor k	1	1.645	1.960	2	2.576	3

Table II -8: Backward finite coefficients

 II 

Table II -9: Coefficients from Savitzky-Golay filter

 II 

	1	-4/60	-3/60	-2/60	-1/60	0	1/60	2/60	3/60	4/60
	2	28/462	7/462	-8/462	-17/462 -20/462 -17/462	-8/462	7/462	28/462

Table II -

 II 10 below gathers the results from previous calculations. Only expanded uncertainties with a single significant digit are shown. A time step of 10 µs is considered for the calculations. This time step is the same in all the studies introduced in this dissertation.

		Finite difference	Savitzky-Golay	Derivative from
		coefficients	Algorithm	inductance voltage
	U(v) [V]		2x10 4	
	U(i) [A]		7	
	U(dv) [V/s]	3x10 9	3x10 8	-
	U(di) [A/s]	1x10 6	9x10 4	3x10 5
	U(d²v) [V/s²]	5x10 14	3x10 13	-
	U(d²i) [A/s²]	2x10 11	8x10 9	-

Table II -10: Summary of expanded combined uncertainties

 II 

  III.1. Faults in a point-to-point DC link ........................................................................ 82

Chapter III: Observations of faults on the DC system ................................................. 81 III.2. Faults in a multi-terminal HVDC grid ................................................................... 91 III.3. Compliance with the overcurrent limit ............................................................. 103 III.4. Conclusion ......................................................................................................... 110 Summary In this chapter, voltage and current measurements obtained at several locations in an HVDC system under fault conditions are introduced. First, signals observed at both sides of the MMC converter are shown, comparing pole-to-ground and pole-to-pole faults. Then, focusing on pole-to-ground faults, signals from measurements done in a meshed HVDC grid are described in order to illustrate the current circulation and the voltage drop. All those observations are done in an HVDC system working under a symmetric monopole configuration.

Table III -1: Critical fault resistance ranges

 III 

*due to the absence of converter at node #5, next converters (#1, #6, or #7) are

Table III -2: Minimum observed rising time for each link

 III 

Table IV -1: Expanded uncertainties for current and voltage measurements and their derivatives

 IV 

* results obtained with the Savitzky-Golay algorithm

Table IV -2: Set of thresholds for the non-unit algorithm

 IV 

Table IV -4: Evaluation of the operation of the association of a non-selective algorithm with hybrid DC circuit breakers with a fault current limiting mode

 IV 

Table IV -

 IV 6 gathers the rated currents of each converter located in the meshed part of the multi-terminal HVDC grid.

		Rated Power	1.0 pu of DC	1.0 pu of arm
		(MW)	current [A]	current [A]
	Converter #1	400	625	718.6
	Converter #2	1100	1718.8	1976.3
	Converter #3	1000	1562.5	1796.6
	Converter #4	700	1093.8	1257.6

Table IV -6: Remind of the rated currents for each converter

 IV 

  Table IV-5 in §IV.3.5). It will also increase the time available for the fault clearing process (cf. Table III-2 in §III.3.2.2).

Table II -

 II [START_REF]Functional requirements and tests[END_REF] shows the maximum critical fault resistances for the three criteria discussed in §II.4.1 (2.0 pu and 2.5 pu of the current at the DC side of the converter, and 1.4 times the rated arm current).

				Maximum critical fault resistance for
				each criterion [Ω] (at the farthest location)
	Protection relay	Considered converter	Link	2.0 pu of DC current	2.5 pu of DC current	1.4 pu of arm current
	PR12	Converter #1 Link12	44	19	36
	PR21	Converter #2 Link12	19	7	12
	PR23	Converter #2 Link23	11	5	10
	PR32	Converter #3 Link23	22	4	11
	PR34	Converter #3 Link34	22	7	17
	PR43	Converter #4 Link34	29	11	22
	PR14	Converter #1 Link14	42	23	36
	PR41	Converter #4 Link14	34	15	23
	PR15	Converter #1 Link15	46	21	32
	PR51 (#6) Converter #6* Link15	35	14	22
	PR51 (#7) Converter #7* Link15	34	14	22
	PR56	Converter #1* Link56	7	0	10
	PR65	Converter #6 Link56	104	57	64
	PR57	Converter #1* Link57	8	0	11
	PR75	Converter #7 Link57	107	57	66

Table V -1: Critical fault resistance ranges for each criterion

 V 

  Table A-1) summarizes all the previous results for the accuracy of the time step measurement.

		From voltage calculations [%] From current calculations [%]
	Worst case scenario	0.372	0.566
	From observations	11.3	2.83

Table A -1: Accuracy on the time step measurement

 A 

Table A -

 A 3 provides the different thresholds used for this DC grid.

	Relay	Iset	PCT		NCT		δT	εT
			Chosen	Current	Chosen	Current	Time	Time
		[A]	percentage	threshold	percentage	threshold	threshold	threshold
			[%]	[A]	[%]	[A]	[ms]	[ms]
	PR12 +386.2	+50	+579.3	-25	+289.7	+0.30	-0.33
	PR21 -351.8	+50	-175.9	-25	-439.8	+0.19	-0.50
	PR13 -1156.8	+50	-578.4	-25	-1446.0	+0.63	-0.51
	PR31 +1194.5	+50	+1791.8	-25	+895.9	+0.32	-0.50
	PR23 -1183.2	+40	-709.9	-25	-1479.0	+0.55	-0.60
	PR32 +1231.6	+50	+1847.4	-25	+923.7	+0.36	-0.50

Table A -3: Current and time thresholds for each protection relay

 A 

Table A-2: Crossing instants and time difference measured in the example

Remerciements

IV.2.2.5.2. Use of the fault current limiting mode of the hybrid DC circuit breakers

This solution considers the recourse to hybrid DC circuit breakers which include a fault current limiting mode. Such feature has been introduced in §I.2.3. It also considers two operating modes for the hybrid DC circuit breaker. The first operating mode does not have recourse to the fault current limiting stage when an internal fault is identified. Indeed if a fault is identified as being internal, there is no need to use the limiting mode during the tripping process. The second operating mode uses the fault current limiting mode.

Therefore two different commands are required, one for a straight tripping and one for a starting of the limiting mode.

The fault current limiting mode ends either with the opening of the whole secondary branch meaning the DC breaker has tripped or with the reclosing of the first branch in the case the fault has been cleared.

IV.2.2.5.3. Integration of such association in the protection strategy

The communicating selective algorithm based on differential current will provide the information whether the fault is internal or external with a certain delay which is greater from Table IV-2. The black threshold is the threshold introduced in this section, to be used by the non-selective algorithm. For the protection relay PR21, the thresholds corresponding to the non-selective algorithm and the selective algorithm are reached (respectively black and green curves).

The response from the selective algorithm is a priority and is considered whatever the response of the non-selective algorithm is. So the breakers located near the protection relay PR21 trip.

For the protection relay PR12, only the threshold corresponding to the non-selective algorithm is reached. Therefore the fault current limiting mode of the DC circuit breaker is solicited. An illustration is provided in Figure IV-18 where currents against time profiles are plotted. Two cases are compared there. The first case considers the tripping of the DC circuit breakers after receiving the tripping order from the algorithm based on the differential current, without any recourse to fault current limitation. Currents from positive and negative poles are plotted, respectively green and magenta. The second case considers the recourse to the fault current limiting mode of the DC circuit breakers, with the currents from the positive pole (blue curve) and the negative pole (red curve).

through the optical fiber is considered. This delay is therefore proportional to the link length.

As expected, the algorithm based on the differential current identifies the faulty link in a selective way for both 0 and 400 Ω, at each protection relay. It also identifies when the fault is external. The communicating algorithm also works for intermediate values of 20, 30 and 50 Ω, and also with both power setpoints. At 0 Ω, the tripping order is first provided by the non-unit selective algorithm which is much faster than the communicating algorithm based on the differential current. Nevertheless, information provided by the communicating algorithm remains true. For 400 Ω, only the communicating algorithm is capable of identifying the faulty link in a selective way.

About the duration of the algorithm operation, the algorithm itself only needs to satisfy a single criterion which is the exceeding of a threshold by the differential current. So the operating time of the algorithm mainly consists of the delays related to propagation.

It is important to note here that the communicating selective algorithm is able to identify internal faults in antennas in a selective way, up to 400 Ω.

IV.3.3. Non-unit selective algorithm

This algorithm is set to identify internal faults in the range [0; 20] Ω in a selective way. So in this subsection, we mainly focus on two fault resistances from the parametric study to validate the operation of the non-unit selective algorithm based on the derivative signals: 0 and 20 Ω. If the fault resistance is too high, the criterion used to discriminate internal and external faults should not be satisfied. It means a high resistance internal fault may be seen as external because its fault resistance is too high to satisfy the discriminating criterion. The front wave peak of the current derivative will not reach the discriminating threshold (cf. §IV.2.2.4).

At the remote end of each antenna, protection relays PR65 and PR75 are not taken into consideration for the validation of the algorithm. By excluding antennas, there is 111 fault locations for which two protection relays must see the fault as internal. And then, considering only antennas, there are 41 fault locations on antennas for which only one because there are located at each end of those links. Figure IV-25 shows currents of both positive and negative poles. The blue curve of the positive pole is not visible because it is covered by the red curve of the negative pole. The threshold corresponding to the selfprotection against DC overcurrent of the converter is plotted in green. This threshold is proportional to the rated power of each converter, it is why its value differ from a converter to another one.

On Figure IV-25, none of the converters triggers its self-protection. The 6-terminal DC grid should yet continue its operation since the fault has been cleared. 

IV.3.7.2. Fault case F2

For this second case, a more difficult fault case is considered. This time the fault resistance is equal to 30 Ω, out of the fault resistance range [0; 20] Ω for which the non-unit selective algorithm has been designed for. The analysis mainly focuses on the faulty link (Link12 now). For this second fault case, a reverse power setpoint is considered in order to make more difficult the compliance with the DC overcurrent criterion defined for the converters.

On Figure IV-26, the voltage derivatives and the current derivatives are plotted, both corresponding to the faulty link. The first criterion of the non-unit selective algorithm is satisfied at both ends of the faulty link. Indeed, the voltage derivative does a negative peak which meets the negative threshold.

V. Recommendations for HVDC grids with cables

Chapter V: The column corresponding to the 2.0 times the DC rated current criterion has been already introduced in Table III Considering the "2.5 times the DC rated current" criterion, for protection relays located in the meshed part of our 6-terminal test DC grid (from row "PR12" to row "PR51 (#7)" in Table V-1 The discrimination could be done with the first order current derivative if a current measurement device a little bit more accurate than the ones used in this dissertation would be considered. In those conditions, a measurement device only two times more accurate (instead of five times more accurate like in §V.4) would suit though this assumption needs to be comforted thanks to further studies.

Recommendations for HVDC grids with cables

V.6.2. Sizing of the converter

We have made the assumption that the threshold of the DC overcurrent self-protection is proportional to the rated power of a converter. For each converter, the value of this threshold will be different in amperes depending on the rated power. Self-protection of a converter with a low rated power should be more sensitive to DC overcurrents than selfprotection of a converter with a high rated power (considering same AC and DC voltages).

In our studies, considering the four converters located in the meshed part of the 6terminal test DC grid, only the two converters with the smallest rated power (converters #1 and #4) use their self-protection against DC overcurrents while the two converters with the highest rated power (converters #2 and #3) do not trigger it (cf. Table .

A solution to reduce the recourse to this self-protection is to oversize the capability of the power electronic devices located in the converter arms of the converter with the smallest rated powers. In this way, higher current magnitudes will be allowed during DC faults and more time will be available before the self-protection triggers.

V.6.3. Fault blocking capability

A last solution to avoid the loss of a converter is to add a fault blocking capability to the converter. Indeed, several Full-Bridge submodules can substitute Half-bridge submodules in each converter arm. This mix of those two types of submodules allows the converter to control the current during a DC fault and therefore avoid the tripping of AC circuit breakers.

Such solution allows brief interruption of the converter operation during a fault. Also, the recourse to a fault blocking capability of the converter is a bit out of the scope of this study because it considers interruption of the converter operation. The calculation of the rated current in converter arms is detailed. Then, the condition to neglect the uncertainty on the time step is widely described. Observations related to the bipole configuration are the main concern of the third section. The behavior of the HVDC system with a bipole configuration during a DC side fault is compared to an equivalent system with a symmetric monopole configuration. Finally, an algorithm for fault detection is introduced in the fourth section. This algorithm, developed during this thesis works, is non-communicating and it identifies the faulty link a selective way.

And then it is possible to get similar expressions for each arm current: 

A.2. Calculation of uncertainties: neglecting of the uncertainty of the time step

In the dissertation, the assumption that the uncertainty on the time step is neglected has been done. Here few calculations will help to warrant this assumption.

A.2.1. Approach by considering the voltage derivative uncertainty calculations

The uncertainty on the time step appears in the calculations when the combined uncertainty of a derivative signal is evaluated. From §II.6.4.2.2 of the dissertation, equation (II-24) provides the uncertainty (A-56) for the voltage derivative (A-55):

The uncertainty on the voltage measurement is considered the same at any instants, such as:

So the uncertainty on the voltage derivative becomes:

From this last equation, let us write:

At this stage, if we can show that A is 100 times greater than B so it will be possible to neglect B versus A.

We assume the uncertainty of the time step is calculated in the same way than the uncertainty of the voltage. In the next equation, "a" is the accuracy of the voltage measurement and "b" the accuracy of the time step measurement.

   

With:

-u(∆t), the standard uncertainty of the time step [s]; -b, the accuracy of the measurement of time step [%]; -∆trated, the rated time step [s].

The assumption made for the equation (A-78) is reused here. We consider a maximal current derivative magnitude from our observations. It gives (dI/dt)max = 3E6 A/s. So the calculation becomes:

Without considering the uncertainty on the time step, the calculation is:

The relative gap, called X in the next equation, between those two results is provided:

Those two results are very close and the assumption can be validated. Indeed if the error on the time step is less than 2.5%, its uncertainty can be neglected versus the uncertainties of the current or voltage. Moreover, it is possible to remind here that the uncertainty is then multiplied by a security coefficient (chosen equal to 2 in this thesis) in order to get an expanded uncertainty. Then this uncertainty is rounded up to a single digit. This approximation enlarges again the results of the uncertainty and it reduces the impact of the neglecting of the uncertainty on the time step. It is important to note that the healthy pole is not affected by the effect of the fault and is still able to transmit power.

A.4. Non-unit selective algorithm based on rising times of current

The algorithm was subject to a publication to DPSP 2016 conference [START_REF] Auran | A novel pole-to-ground fault detection algorithm for meshed HVDC grids with half-bridge MMC converters and full recourse to DC circuit breakers[END_REF].

A.4.1. Scope

Based on current measurements, this algorithm is capable of identifying the faulty link without any recourse to communication in a selective way. It only works for pole-toground faults within a fault resistance range such as [0; 5] Ω. In addition, the algorithm can only be implemented in protection relays located at the ends of links located in the meshed part of an HVDC grid. Indeed, it is not capable to identify faults in an antenna or a busbar. As it is explained in the next subsection, the algorithm has been introduced in the article considering a 3-terminal HVDC grid with a view available in Figure A-11. This small test DC grid does not contain any antenna. In case an antenna would be added to the test DC grid, when a fault occurs on an antenna (or a busbar), the algorithm which is applied at the ends of links located in a meshed part remains selective and does not start because the cables in the meshed part are healthy.

Though inductances of 100 mH have been chosen earlier in this dissertation, the algorithm is introduced here considering 10 mH like in the mentioned article. It is possible to set the algorithm to work either with inductances of 10 or 100 mH.

A.4.2. Principle

The algorithm only uses current measurements from both poles done at the protection relay location. Two thresholds set on the current magnitude are used in order to identify any variations. Then, the crossing instants of each threshold are used in order to evaluate if the fault is internal or external.

As it had been earlier introduced in §III.2.1, the current at both ends of the faulty pole of the faulty link increases, meaning a positive current surge is measured. On healthy links, on the faulty pole, the front wave of current may increase or decrease depending on the fault location. A little time later, the current on the healthy pole also changes due to the fault. Within the fault resistance range [0; 5] Ω, the fault resistances are small enough in order to cause current surges on both faulty and healthy poles high enough for exceeding the current thresholds. The implementation of this algorithm has been done on the small HVDC grid for which a view is available below on 

Time difference calculations

The time difference between the two crossing instants is calculated. If the current on the healthy pole reaches the PCT, the time difference (TD) is calculated as in (A-92):

With:

-t2, the instant the current on the healthy pole reaches the PCT [s]; -t1, the instant the current on the faulty pole reaches the PCT [s].

If the current on the healthy pole reaches the NCT, a negative sign is added to the time difference, like in (A-93). The addition of the negative sign is done in order to make a distinction between the two cases. For a faulty link, the time difference tends to be small whereas for a healthy link, this difference will be greater. Time thresholds are then needed to discriminate whether the time difference matches with a faulty link or not.

For instance, with the considered fault case, the currents measured at four protection relay locations and earlier depicted on