
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date , ,

5 January 2012 (05.01.2012) WO 2 12/ 545 A l

(51) International Patent Classification: (74) Agent: AHRENGART, Kenneth; ABB AB, Intellectual
H02H 7/125 (2006.01) Property, Ingenjor Baaths Gata 11, S-721 83 Vasteras

(SE).
(21) International Application Number:

PCT/EP2010/059272 (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
30 June 2010 (30.06.2010) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,

(26) Publication Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

(71) Applicant (for all designated States except US): ABB ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

Technology AG [CH/CH]; Affolternstrasse 44, CH-8050 NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,

Zurich (CH). SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors; and
(75) Inventors/ Applicants (for US only): JACOBSSON, (84) Designated States (unless otherwise indicated, for every

Bjorn [SE/SE]; Bernhard Erikssons vag 6, S-772 40 kind of regional protection available): ARIPO (BW, GH,

Gangesberg (SE). HAFNER, Jiirgen [DE/SE]; Jagar- GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,

nasvagen 53, S-771 42 Ludvika (SE). JONSSON, Tomas ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

[SE/SE]; Aslogs vag 8, S-723 55 Vasteras (SE). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, ΓΓ , LT, LU,

[Continued on next page]

(54) Title: AN HVDC TRANSMISSION SYSTEM, AN HVDC STATION AND A METHOD OF OPERATING AN HVDC
STATION

(57) Abstract: The present invention relates to an
HVDC converter station for interconnection of a DC

Fig. 6 transmission line and an AC system of at least one AC
phase. The HVDC converter station comprises a VSC
converter and a DC breaker connected in series between
the VSC converter and the DC transmission line. The
HVDC converter station comprises a protection system
configured to monitor the temperature of a reverse-constart operation of VSC ducting component of the reverse-conducting switch ar

converter 105 rangement, and trigger the opening of the DC breaker if
the temperature of the reverse-conducting component
exceeds a temperature threshold.

trigger opening
of DC breaker 500



w o 2012/000545 A llll I I I I 11III I I I II II III I III I III II I II

LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, Published:
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

— with international search report (Art. 21(3))
GW, ML, MR, NE, SN, TD, TG).



AN HVDC TRANSMISSION SYSTEM, AN HVDC STATION AND

A METHOD OF OPERATING AN HVDC STATION

Technical field

The present invention relates to the field of power transmission, and in particular to the

field of AC/DC converter stations for use in high power transmission.

Background

High Voltage Direct Current (HVDC) transmission of power has proved to be an efficient

alternative to Alternating Current (AC) transmission in many power transmission

situations. In particular, HVDC transmission using Voltage Source Converter (VSC)

converter stations show many advantageous features. A VSC converter comprises a

number of electric valves, each comprising a unidirectional switch and an anti-parallel

diode, where the unidirectional switch can be controlled to switch off, as well as to switch

on. By controlling the switching of the electric valves, the VSC converter can operate as an

inverter or rectifier. The unidirectional switches and the diodes are typically made of semi-

conducting material. Since the magnitudes of current and voltage in an HVDC station are

typically extremely high, the demands on the semi-conducting devices in terms of current

and voltage withstanding capability are very high. Therefore, the material costs involved in

manufacturing an HVDC station are high.

Summary

A problem to which the present invention relates is how to reduce the materials

consumption in the production of an HVDC station.

One embodiment provides an HVDC converter station for interconnection of a DC

transmission line and an AC system of at least one AC phase, where the HVDC converter

station comprises a VSC converter and a DC breaker. The VSC converter has at least two

electric valves, each valve having a reverse-conducting switch arrangement. The DC

breaker is connected to a DC interface of the VSC converter in a manner so that the DC

breaker will be connected in series between the VSC converter and the DC transmission

line. The HVDC converter station further comprises a protection system configured to

monitor the temperature of at least one of the reverse-conducting components of the



reverse-conducting switch arrangement, and to trigger the opening of the DC breaker if the

temperature of the reverse-conducting component exceeds a temperature threshold.

A method of an HVDC converter station for interconnection of a DC transmission line and

an AC system is also provided, wherein the HVDC converter station includes a VSC

converter and a DC breaker. The method comprises: monitoring the temperature of at least

one of the reverse-conducting components in order to check whether the temperature is

above a temperature threshold, and if so, triggering the opening of the DC breaker.

By providing the HVDC station with a DC breaker and controlling the opening of the DC

breaker in dependence on the temperature of the reverse-conducting component of the

valves, the timing of the interruption of a fault current can be greatly improved. The

accuracy of the triggering of the breaker can be improved by monitoring the temperature of

the reverse-conducting component of at least one valve. The risk of an electric valve

having to withstand a fault current, for a longer period of time than the opening time of the

DC breaker, can hence be greatly reduced. Hence, a valve could, if desired, be

implemented without any alternative current path to the paths provided by the reverse-

conducting switch arrangement, and the reverse-conducting component would not have to

be over-dimensioned. Furthermore, or alternatively, a reduction in the short circuit

impedance of the HVDC station, for example a reduction in the AC impedance of the AC

phase reactors, could be made. Hence, considerably materials savings could be made as

compared to the presently known technology.

The monitoring of the temperature of the reverse conducting component could be

performed by measuring the current flowing through the reverse-conducting component of

the reverse-conducting switch arrangement, and/or by measuring the voltage across the

reverse-conducting component, and then estimating the temperature of the reverse-

conducting component in dependence of such current and/or voltage measurements.

Current and voltage measurements in HVDC stations are well known in the art, and

provide a practical means of determining the temperature of the reverse-conducting

components of the HVDC station.



In one embodiment, the protection system is further configured to determine a dynamic

value of the temperature threshold. The temperature threshold can for example be

determined in dependence on the time derivative of the temperature of the reverse-

conducting component, so that a lower temperature threshold will be used for a larger time

derivative, and vice versa. Hereby is achieved that a more accurate timing of a triggering

signal can be made, thus reducing the risk of any unnecessary interruption of the operation

of the HVDC station caused by too early triggering of the DC breaker, as well as reducing

the risk of the triggering of the DC breaker being made too late.

In one embodiment, wherein at least one AC breaker is connected to an AC interface of the

VSC converter, the protection system is further configured to, in a situation where the DC

breaker has been opened, determine if a current flows in a connection line interconnecting

the DC interface and the DC breaker, and, if so, trigger the opening of the AC breaker(s).

Hereby is achieved that the VSC converter can be protected, even if a fault occurs on the

connection line between the VSC converter and the DC breaker.

Advantageously, the DC breaker is capable of breaking a current within a particular

breaking time t e from the onset of the opening of the DC breaker, where the particular

breaking time t e of the DC breaker is shorter than the time required for the worst case

short circuit current to generate a destructive amount of heat in the conducting reverse-

conducting component of the switch arrangement. The particular breaking time t e could

for example be shorter than half, or shorter than a quarter of, the fundamental frequency

period of the AC system. Having such short breaking times provides for the possibility of

large materials savings in terms of reduced dimensions of the reverse-conducting com-

ponent of the valves; reduced dimensions of any alternative current paths (if provided);

and/or reduced dimensions of any reactors providing the short circuit impedance of the

HVDC station.

In one embodiment, the short circuit impedance of the HVDC converter station is less than

15 % of the base impedance of the HVDC converter station. Hereby, an efficient reactive

power generation by the VSC converter can be ensured. The availability of temperature

dependent fast current breaking ensures that the resulting high short circuit current will not

have time to damage the reverse-conducting components of the electric valves. Typically,



the majority of the short circuit impedance will be provided by a transformer connecting

the HVDC station to the AC system.

In one embodiment, the rated current density of the reverse-conducting component is more

than 150 % of the rated current density of the switch component of the reverse-conducting

switch arrangement. In this embodiment, the electric valves can be designed such that in a

worst case fault scenario, at least a majority of the current through the VSC converter will

flow through at least one reverse-conducting component. In one implementation of this

embodiment, the semiconductor switching elements forming part of the switch component

and rectifying elements forming part of the reverse-conducting component are located in

the same semiconductor chip module. In such implementation, the ratio of the area

occupancy of the rectifying element to the area occupancy of the semiconductor switching

element on the semiconductor chip module can be smaller than 1.0, for example 0.5.

In one embodiment, the electric valves are designed such that in a worst case fault circuit

scenario, at least a majority of the current through the VSC converter will flow through at

least one reverse-conducting component. In one implementation, the electric valves are

designed such that the entire fault current will flow through at least one reverse-conducting

component in a fault scenario. Hence, no alternative current path is required in an electric

valve in addition to the paths provided by the reverse-conducting switch arrangement.

Hence, no additional material or space will be consumed.

In order to minimise the risk of non-operability of the DC breaker, the connection distance

between the DC breaker and DC interface should preferably be as small as possible, while

maintaining a suitable air clearance. Typically, the connection distance will be smaller than

10 meters.

The DC breaker could for example comprise a main semiconductor switch of turn-off type;

a non-linear resistor connected in parallel with the main semi-conductor switch; and a

series connection of a high speed switch and an auxiliary semiconductor switch of turn-off

type, wherein the series connection is connected in parallel to the main semiconductor

switch and the non-linear resistor. By such DC breaker is achieved that the heat dissipation

in the breaker will be low, since during normal operation, the current can flow through the



auxiliary switch, which has a lower resistance than the main switch. In another

implementation, the DC breaker is a mechanical DC breaker comprising a mechanical

interrupter connected in parallel with a parallel connection of a resonant circuit and a non

linear resistor.

A DC breaker could, in order to provide current limiting possibilities, be formed of a series

connection of at least two independently switchable breaker sections.

The HVDC converter station could be connected to an HVDC switchyard to form part of

an HVDC grid. The HVDC switchyard then comprises at least one busbar and at least one

switchyard DC breaker interconnecting the converter station DC breaker with a busbar.

The converter station DC breaker could then advantageously be a DC breaker capable of

providing a higher breaking speed than the switchyard DC breakers. Hereby is achieved

that lower cost DC breakers could be used in the HVDC switchyard, while obtaining

adequate damage preventing capability.

Similarly, in an HVDC system wherein a local HVDC station, located in the vicinity of an

HVDC switchyard and connected to the HVDC switchyard, does not include a fast DC

breaker, the switchyard DC breakers that interconnects such local HVDC station with the

switchyard busbars could advantageously be fast DC breakers, while the DC breakers

connecting remote HVDC stations with the busbars could be of lower speed.

Further aspects of the invention are set out in the following detailed description and in the

accompanying claims.

Brief description of the drawings

Fig. 1 is a schematic illustration of an example of a prior art HVDC station.

Fig. 2a is a schematic illustration of an example of a VSC converter.

Fig. 2b is a schematic illustration of another example of a VSC converter.

Fig. 3 is a schematic illustration of an example of an electric valve used in a VSC

converter.

Fig. 4a is a graph showing the heat dissipation in a valve diode as a function of time

in case of a short circuit situation.



Fig. 4b is a graph showing, for two different HVDC station designs wherein the valve

diodes are of different cross sectional areas, the heat dissipation in a valve.

Fig. 4c is a graph showing, for two different HVDC station designs having different

short circuit impedance, the heat dissipation in a valve diode as a function of

time in case of a short circuit situation.

Fig. 5 is a schematic illustration of an HVDC station according to an embodiment of

the invention.

Fig. 6 is a flowchart schematically illustrating a method of operating an HVDC

station.

Fig. 7a is a schematic illustration of an example of a protection system configured to

control the operation of the DC breaker in dependence on the temperature of a

diode of an electric valve.

Fig. 7b shows an example of an electrical circuit by means of which an embodiment

of the protection system of Fig. 7a may be implemented.

Fig. 7c is an alternative illustration of an implementation of the protection system

shown in Fig. 7a.

Fig. 8 is a schematic illustration of an example of a valve semiconductor chip

module.

Fig. 9a is a schematic illustration of an embodiment of a fast DC breaker.

Fig. 9b is a schematic illustration of an embodiment of a fast DC breaker which can

also operate as a current limiter.

Fig. 10a is a schematic illustration of an embodiment of an HVDC switchyard.

Fig. 10b is a schematic illustration of another embodiment of an HVDC switchyard.

Detailed description

Fig. 1 is a schematic illustration of an HVDC converter station 100, or HVDC station 100

for short. The HVDC station 100 of Fig. 1 comprises a VSC (Voltage Source Converter)

converter 105 to which DC transmission lines 110 have been connected via DC interface

115. HVDC station 100 of Fig. 1, which is illustrated to be a three phase converter station,

further comprises three AC phase reactors 120, or AC reactors 120 for short, each

connected to an AC phase interface 125 of the VSC converter 105. HVDC station 100 of

Fig. 1 is connected to an AC system 135 on the AC side via transformers 140. AC system

135 can be an AC grid to which power is provided via the DC transmission lines 110, or an



AC power source providing power to be transmitted via DC transmission lines 110.

Typical nominal voltage and current ratings of an HVDC station 100 of today are for

example 80 kV, 500 A or 320 kV, 2 kA. An AC phase reactor 120 can be external to the

VSC converter 105 as shown in Fig. 1, or an AC phase reactors 120 can be part of the VSC

converter 105 as shown in Figs. 2a and 2b. Alternatively, part of an AC phase reactor 120

can be external to the VSC converter 105, while another part is internal.

An HVDC station 100 is, when in use, connected to at least one further HVDC station 100,

to or from which electric power may be transmitted or received, so that at least two HVDC

stations 100 form an HVDC power transmission system.

In a high voltage power transmission system, it is of high importance that the transmission

paths can be broken in case of a short circuit or earth fault situation. Hence, the HVDC

station 100 of Fig. 1 is equipped with an AC breaker 145 connected between the AC

system 135 and the AC phase interface 125. Typically, an AC breaker 145 is provided for

each AC phase, as shown in Fig. 1. Upon detection of a major fault, the AC breaker 145

will be tripped. The time required for breaking the current by means of a typical

mechanical AC breaker 145 is around 40-60 ms, corresponding to 2-3 fundamental

frequency periods of a 50 Hz or 60 Hz AC system 135.

An HVDC station 100 typically includes further equipment, which has been left out for

illustration purposes. One of the DC transmission lines 110 can be grounded, in which case

the HVDC station 105 is a monopolar converter station, or the HVDC station 100 could be

a bipolar converter station. In some implementations of HVDC stations 100, the

transformers 140 are omitted, while in others, the transformer impedance is such that the

AC reactors 120 may be left out. The HVDC station 105 could have any number of AC

phases, including one.

Examples of different VSC converter topologies will now be discussed in relation to Figs.

2a and 2b. A VSC converter 105 comprises a phase leg per AC phase, where the phase legs

can be connected in series or in parallel. Fig. 2a is an illustration of an example of a three

phase VSC converter 105 having three phase legs 200 connected in parallel with a

capacitor 205, each phase leg 200 having two electric valves 210. The VSC converter 105



of Fig. 2a is a two-level converter, where the electric valves 210 can be switched in a

suitable manner to synthesize an AC voltage. In the VSC converter 105 of Fig. 2a, an AC

phase reactor 120 is connected between the midpoint of a phase leg 200 and an AC

interface 125.

Another example of a three phase VSC converter 105 is shown in Fig. 2b, wherein the

three phase legs 200 are also connected in parallel. A phase leg 200 of VSC converter 105

of Fig. 2b comprises two half-bridge converter cells 215 which are independently

switchable and series connected in a cascaded fashion. A half-bridge converter cell 215

comprises two series connected electric valves 210, which form what may be referred to as

a cell element 215. The cell element 215 is connected in parallel with a cell capacitor 220

in a half-bridge configuration. By using a cascade of series connected converter cells 215

is achieved that multiple voltage levels can be obtained at the AC side of a phase leg 200,

so that a more smooth synthesis of an AC-voltage can be obtained than if a phase leg 200

formed from a single converter cell 210 is used. In the VSC converter of Fig. 2b, an AC

phase reactor 120 is connected in series with the cascade of converter cells 215 of a phase

leg.

The VSC converters 200 of Figs. 2a and 2b are shown as examples only, and a VSC

converter 200 can be of many other topologies. For example, a VSC converter 200 can

have any number N of phase legs 200, N ≥ 1 . If N>1, the two or more phase legs 200 can

be connected in series or in parallel. Furthermore, a phase leg 200 can be a two- or three

level phase leg (cf. Fig. 2a), or comprise a series connection of two or more independently

switchable converter cells arranged in a cascaded fashion (cf. Fig. 2b). Moreover, the

converter cells 205 of a cascade of converter cells can be half-bridge converter cells 205,

as shown in Fig. 2b, or full-bridge converter cells 205, or a combination of half-bridge and

full-bridge converter cells 200. A full-bridge converter cell comprises two cell elements

215, both connected in parallel with a cell capacitor 220 in a full-bridge, or H-bridge,

fashion.

However, regardless of converter topology, a VSC converter 200 comprises at least one

phase leg 200 having at least two electric valves 210, each comprising a reverse-

conducting switch arrangement. A reverse-conducting switch arrangement is a switch-



arrangement wherein current in a first direction can be switched on and off, while the

switch arrangement will always be conducting in the direction opposite to the first

direction. A reverse-conducting switch arrangement comprises a switch component and a

reverse-conducting component, and is typically made from semi-conducting material, such

as Si. An example of an electric valve 210 comprising a reverse-conducting switch

arrangement 310 is shown in Fig. 3 . The reverse-conducting switch arrangement 310 of

Fig. 3 includes a switch component in the form of a unidirectional switch 300, or switch

300 for short, and a reverse-conducting component in the form of an anti-parallel diode

305. The unidirectional switch 300 can be controlled to switch off, as well as to switch on.

A switch 300, which can be controlled to switch off, as well as to switch on, is often

referred to as a switch 300 of turn-off type. A switch 300 often comprises more than one

switching element, connected in series and/or in parallel and arranged to switch

simultaneously to form the switch 300. Similarly, a diode 305 often comprises more than

one rectifying element (diode) connected in series and/or parallel to form the diode 305. A

unidirectional switching element could for example be an Integrated Gate Bipolar

Transistor (IGBT), an Integrated Gate-Commutated Thyristor (IGCT), a Gate Turn-Off

thyristor (GTO), etc. For example, IGBT switching elements having a rated voltage of in

the order of 3-5 kV or higher, for example 4.5 kV, is used to form the switch 300 in one

implementation.

A reverse-conducting switch arrangement 310 could, in some implementations, be formed

from a switching element(s) which, in addition to providing the switch component of the

valve 210, further contributes to the reverse-conducting component of the valve 210, so

that no separate rectifying element is required. The reverse-conducting IGCT and the bi-

mode insulated gate transistor (BIGT) are examples of devices wherein an anti-parallel

rectifying element and a switching element are integrated, using the same semiconductor

area. A BIGT, or a reverse-conducting IGCT (or a plurality of interconnected

BIGTs/IGCTs), could hence provide the switch component, as well as to the reverse-

conducting component, of a reverse-conducting switch arrangement 310 of a valve 210.

Such reverse-conducting switch arrangements 310 could be seen as if a switch component,

in the form of a switch 300 of turn-off type, and a reverse-conducting component, in the

form of an anti-parallel diode 305, are integrated.



When dimensioning the devices of an HVDC station 100, the worst case scenario that the

devices can be expected to be exposed to, in terms of current and voltage, should be

considered. The highest expected fundamental frequency fault current through a VSC

converter 105 will typically occur in case of a DC pole-to-pole fault on the DC side of the

VSC converter 105, i.e. if there is a short circuit between the DC transmission lines 110

connected to the DC interface 115. Such short circuit current is typically given by the

following expression:

=

where I s is the peak short circuit current, is the maximum phase-to-phase rms

voltage on the secondary side of the transformer, and Xsc is the short circuit impedance.

The short circuit impedance is typically the sum of the AC system impedance X135 and the

converter station impedance X 100 , where the main components of the converter station

impedance X100 are typically the AC reactor impedance X 120 , the transformer impedance

Xi4o and the converter impedance X105 :

The AC system impedance X135 is the resultant impedance of all devices on the AC side

beyond the transformer 140 (if any) interconnecting the HVDC station 100 and the AC

system 135. Typically, the AC system impedance X135 and the VSC converter impedance

X105 are considerably smaller than the sum of the AC phase reactor impedance X120 and the

transformer impedance X 140 . In many implementations of an HVDC station 100, the AC

reactor impedance is the dominant component of the converter station impedance

X100, but implementations wherein e.g. the transformer impedance Χ is dominant could

also be useful.

Regardless of converter topology, any current through the VSC converter 105 will go via

at least one electric valve 210. Typically, an HVDC station 100 is equipped with a

protection system, which is configured to perform measurements of various currents and

voltages in order to determine whether any fault, which requires action, has occurred. In

case of a detected risk for a large fault current through the VSC converter 105, the switches

300 of the electric valves 210 may be switched off. However, the anti-parallel diodes 305



cannot be switched off, and in case of a large current surge through the VSC converter 105,

there is a risk that the anti-parallel diodes 305 of the valves 210 may be damaged.

The rated current of a device, for example a diode 305, is the maximum current for which

the device is designed. The rated current can safely flow through the device during a very

long period of time, without any increased risk of damage to the device. Furthermore, a

semiconductor device such as a diode 305, or a switch 300, can typically survive a current

surge of considerably larger magnitude than the rated current, if the current surge only lasts

for a limited period of time. Conventionally, a valve 210 of a VSC converter 105 has been

designed to withstand the worst case short circuit current ISc, for which the peak value is

given by expression (1), at least during the time period tAc required for breaking the

current by means of a mechanical AC breaker 145. As mentioned above, such breaking

time Ac is typically 40-60 ms, or more, corresponding to at least 2-3 fundamental

frequency periods of a 50 Hz or 60 Hz AC system 135.

One conventional way in which a valve 210 has been designed to withstand the worst case

short circuit scenario is to provide, in the electric valve 210, an alternative path, for

example a large thyristor, connected in parallel with the switch 300 and the diode 305,

which alternative path is switched off during normal operation of the VSC converter 105,

but can be switched on to carry the fault current in case of a detected fault. The use of such

alternative current path is disclosed for example in US2008/0232145.

In valve designs where no considerable alternative path is provided, an anti-parallel diode

305 of the HVDC station 100 of Fig. 1 has to be able to withstand the worst case scenario

fault current , at least for the time period tAc required for opening the AC breakers 145.

The time required for breaking the current by means of a typical mechanical AC breaker

145 is around 40-60 ms, corresponding to 2-3 fundamental frequency periods of a 50 Hz or

60 Hz AC system 135. Hence, in such design, the anti-parallel diodes 305 will have to be

over-dimensioned compared to the requirements of the nominal current, so that the rated

current of the diode is considerably higher than the rated current of the switches 300. The

diode current carrying cross section will have to be dimensioned such that the heat W

generated by the short circuit current surge during the time period tAc will lie well below a



fatal energy The fatal energy ¾ represents an amount of dissipated energy

(during a short period of time) required for the temperature of at least parts of the anti-

parallel diode 305 to exceed a level above which additional charge carriers will start to

appear in the diode material, resulting in a negative temperature dependency of the

resistance and an avalanche- like increase of the heat dissipation in the diode 305, causing

permanent damage to the diode 305. This definition of the fatal energy assumes that the

temperature of the diode 305 at the onset of the fault scenario is at a steady state, normal

operating conditions, temperature.

Fig. 4a is a graph showing developed heat in a diode 305 of cross-section A as a

function of time, t , for a VSC converter 105 at a worst case short circuit current , where

t=0 represents the onset of the fault scenario. Also shown in the graph is the diode fatal

heat , illustrating the level of developed heat at which the diode 305 will reach, at

least locally, a temperature fatal where the material of the diode will be fatally damaged. A

typical AC breaker breaking time Ac has also been indicated in the graph, as well as the

point in time M where the heat dissipated in the diode 305 will cause fatal damage to

the diode 305. As can be seen, the VSC converter 105 represented by the graph, having a

short circuit current c diodes 305 of fatal heat and an AC breaker 145 of

breaking time tAc ,would survive a short-circuit scenario, since tAC f a , with a time

safety margin of t "a — i . For a given AC breaker breaking time Α a suitable

combination of short circuit current (given by the rated voltage and short circuit

impedance) and diode heat withstanding capability (given by the dimensioning of the diode

305) has been selected.

Compared to the costs involved in case the anti-parallel diodes 305 of a VSC converter 105

were damaged in a fault case scenario, the costs of providing additional current paths

and/or providing highly over-dimensioned diodes 305 in terms of manufacturing costs,

space requirements etc are small. Damaged diodes 305 could potentially result in

considerable power supply downtime, and the diodes themselves are highly expensive to



replace. However, as will be shown below, we suggest a way of avoiding the risk of diode

damage which is as efficient as the conventional ways described above, at much reduced

material cost.

In an embodiment of the present invention, a DC breaker of short breaking time t e is

included in the HVDC station 100 and connected between the DC interface 115 of the

VSC converter 105 and the DC lines 110, wherein a protection system of the HVDC

station 100 is configured to trigger the opening of the DC breaker upon an indication that

the temperature of the reverse-conducting component of a valve 210 exceeds a temperature

threshold. Fig. 5 shows an HVDC converter station 100 having a DC breaker 500 of short

breaking time t e connected between the DC interface 115 and the DC transmission lines

110. The connection line between the VSC converter 105 and the DC breaker 500 has been

indicated by reference numeral 510. The DC breaker 500 has an input 515 for receiving a

trigger signal 520 from a protection system 505, which is configured to control the DC

breaker in dependence on a status signal 525, indicative of a measure from which the

temperature of the diode 305 of a valve 210 can be derived. The HVDC converter station

100 is shown to have one DC breaker 500 connected to one of the DC transmission lines

110 connected to the DC interface 115 of the VSC converter 105. However, a further DC

breaker 500 could be connected to the other DC transmission line 110 connected to the DC

interface 115.

DC breakers are conventionally used in switchyards interconnecting more than two HVDC

stations 100, so as to avoid the propagation of a fault current originating from a faulty

HVDC station 100 to the other HVDC stations 100 of the grid. It is typically desirable to

arrange so that a possible fault in one converter station 100 can be confined to the faulty

converter station 100. A DC breaker conventionally serves to disconnect the HVDC station

100 from the other HVDC stations 100 of an HVDC grid in case of a fault in HVDC

station 100. Unless the faulty converter station 100 can be disconnected from the other

HVDC stations 100, short circuit currents will be transmitted to the HVDC stations 100,

which will then also be at risk. Such short circuit currents typically grow very rapidly into

current surges, originating in particular from capacitances on the DC side of the HVDC

grid. Hence, the breaking time t e of a DC breaker 500 in this application should



advantageously be short, for example in the order of 15 ms or less, depending inter alia on

the distance between the interconnected HVDC stations 100.

However, a fast DC breaker 500 can be useful not only for the efficient protection of nodes

in a grid of more than two HVDC stations 100, but also for the efficient design of an

HVDC station 100.

By connecting a fast DC breaker 500 to the DC interface 115 of a VSC converter 105

wherein the opening of the DC breaker 500 is triggered in dependence of an indication of

the temperature of a diode 305 of a valve 210 exceeding a temperature threshold, the

diodes 305 of the VSC converter 105 can be of smaller cross sectional area as compared to

the diodes of the prior art solution where no alternative current path is provided. In fact, a

design which is optimized with regard to normal operation, while no other major

alternative current path through the valve 210 is required in addition to the switch 300 and

the diode 305, can be contemplated.

In order to determine whether the opening of the DC breaker 500 is required to protect the

diodes 305 of VSC converter 105 from thermal breakdown as a result of fault currents

through the VSC converter 105, the temperature of the diode 305 of an electric valve 210

is monitored. Such monitoring could for be a direct temperature monitoring wherein the

temperature of the diode 305 is measured, or an indirect temperature monitoring, wherein a

physical magnitude is measured from which the temperature of the diode may be derived

or estimated, such as the current through the diode 305 or the voltage across the diode 305.

A flowchart schematically illustrating a monitoring process that could be used in order to

determine whether or not the DC breaker 500 should be tripped is shown in Fig. 6 .

At step 605, the operation of the VSC converter 105 is started. Prior to starting the VSC

converter 605, a diode safety temperature y has typically been set to a value at or

below the fatal temperature f of the diode 305. The fatal temperature is the

temperature at which additional charge carriers are generated. The difference between the

safety temperature and the fatal temperature is set at a suitable temperature safety distance

& fstv , so that:



.305
safety safety (3).

For silicon diodes 305, the fatal temperature could typically be in the region of 620 K. A

suitable diode safety temperature could then for example be around 600 K. The magnitude

of the applied safety distance , could depend on the accuracy of the temperature

estimate - the larger the risk that the actual temperature is higher than the estimated

temperature, the larger temperature safety distance should be applied.

When the operation of the VSC converter 105 has been started in step 605, step 610 is

entered, wherein it is checked whether the temperature of the diode T exceeds a

temperature threshold s . If not, step 610 is re-entered, so that a more or less

continuous monitoring of the diode temperature can be achieved. However, if it is

determined in step 610 that the diode temperature exceeds the temperature threshold, step

615 is entered, wherein the opening of the DC breaker 500 is triggered. As will be further

discussed below in relation to Fig. 9b, some embodiments of a DC breaker 500 could be

triggered in step 615 to open either fully, or partially (typically with a conditional full

opening at a later point in time). In one implementation of the method of Fig. 6, the DC

breaker 500 will be triggered to open fully, immediately upon entry into step 615. In

another implementation, the DC breaker 500 is first triggered to open partially, in order to

enter into current limiting mode as described in EP0867998. By opening the DC breaker

500 partially, the current through the VSC converter 500 could be limited to a certain

value. The DC breaker 500 could then be kept in the current limiting mode until the HVDC

station protection system has been able to derive information on what may have caused the

fault situation, and whether or not the DC breaker 500 should be fully opened. If required,

the DC breaker 500 will then be opened fully. Such use of a current limitation mode could

be useful in order to avoid damage of the VSC converter 105 during the time required for

the protection system to assess the situation. In a fault situation wherein the protection

system determines that the full opening of the DC breaker 500 is not required, the partial

opening of the DC breaker 500 will save the power transmission system from the

disturbances caused by breaking the DC current fully.



Once the fault causing the increased current through the HVDC station 100 has been

attended to, the DC breaker 500 can be closed and normal operation of the HVDC station

100 can be resumed.

By providing the HVDC station 100 with a DC breaker 500, the opening of which is

controlled in dependence on the temperature of the diode 305, the operation of the VSC

converter 105 could continue in static VAR mode even when the DC transmission line 110

has to be broken, thus minimizing the impact of the breaking of the DC transmission line

110 on the AC system 135.

The temperature threshold ϊ of step 610 of Fig. 6 is typically determined in

dependence on the diode safety temperature such that ¾ . The

temperature threshold s could for example be a static value, which then could for

example be equal to the safety value s ., or the threshold value could be a dynamic

value, determined for example in dependence on the time derivative of the diode temperate

as well as in dependence on the safety temperature ί An example of an expression

that could be used for determining a dynamic value of the temperature threshold s ,

is given below:

h i = ¾ - i c ¾ ¾ (4)'

where , fsi is a time safety distance introduced to ensure that the DC breaker 500 will

break the current before the safety temperature has been reached (the time safety distance

may account for imprecision of the determination of the triggering point, caused for

example by an increase in the temperature time derivate after the DC breaker has been

triggered). If desired, the time safety distance could be set to zero, thus relying on the

temperature safety distance s s for safeguarding a fast enough breaking of the

current. Similarly, if the time safety distance of expression (4) is sufficiently large, then

, , , , 05 _ ^305
Tsafsty could be set to zero, so that l safety - fatal .



In an implementation wherein the temperature threshold β is a static value, the

temperature safety distance , could for example be set so that the diode

temperature will fall below the fatal temperature even if the temperature exhibits the

highest expected time derivative during the duration of the DC breaker breaking time toe-

Monitoring of the diode temperature T 05 could for example be performed by measuring

the actual temperature of the diode 305, or by measuring other quantity(ies) from which

the diode temperature T 05 may be estimated, such as e.g. the current I through the diode

305, or the voltage V305 across the diode 305. The current I is directly related to the heat

dissipation in the diode 305 and can be estimated by the relation

P = i? / ( - ¥ / ( } (5),

where R305 is the resistance of the diode 305 and V T is the threshold voltage of the diode

305. Similarly, the voltage V305 across the diode 305 is directly related to the heat

dissipation in the diode 305. Expression (5) represents a first order representation of the

diode 305. If further accuracy is required, a higher order representation of the diode 305

could be used, and/or the temperature dependency of R fc could be considered. Such

higher order representations are known in the art and will not be further discussed here. If a

lower accuracy would be sufficient, the dissipated power could be determined in

dependence of the first term of expression (5) only.

From knowledge of the heat dissipation power P305 , the temperature of the diode 305 may

be estimated, typically also using information on the heat properties of the diode 305. The

diode temperature T305 may for example be calculated based on the power dissipation P(t),

the initial diode temperature i and the thermal impedance Z305 of the diode structure:

T 3 ( } = P (t) · Z t + (6),

The initial diode temperature ¾¾. . . is the temperature of the diode 305 at the point in

time when the fault occurred, and can typically be assumed to be a known steady state

temperature (or the value of the last diode temperature measurement, if such measurements

are conducted). The thermal impedance Z305 of the diode structure advantageously includes

the thermal impedance of the diode 305, as well as of associated heatsinks and cooling



system. The diode structure can thus be represented by a series of n thermal entities, each

having a thermal time constant ≤ and thermal resistance i , so that the thermal impedance

Z 05 can be expressed as:

( i = = (1 - (7)

The proposed method of determining a temperature of a device by use of expressions (6)

and (7) is known in the art, and described in for example "Power Electronics, converter

applications and design " by Mohan, Undeland and Robbins, Chapter 29, 3rd Edition. Other

methods of determining a temperature may alternatively be employed.

As discussed in relation to step 610 of Fig. 6, the diode temperature T 05 is compared to the

temperature threshold ft j , which can take, in one implementation, a dynamic value.

The dynamic value of ?J can be determined, as suggested by expression (4), in

305dependence of the temperature time derivative. An estimate of the diode temperature T

at the time of breaker opening, T 05(tt igger+tDc), can obtained by extrapolation of the

temperature time derivative:

- . f' _ )
D C ) - * ) + C fei )

ti -

For purposes of such extrapolation, and for determining a dynamic temperature threshold

s , one could, for example, assume that the current I through the diode 305 (voltage

V305 across the diode) will continue to rise, for example according to a linear relationship,

or according to another pre-determined relationship, so as to obtain an extrapolation of the

heat dissipation P 05(t). By use of for example expression (6), the diode temperature

7 = (t) may be determined.

In one implementation using current or voltage measurements as an indication of the diode

temperature T305 , step 610 of Fig. 6 is initially provided by a more or less continuous check

of whether the current (voltage) has exceeded the expected normal operations current

(voltage). Monitoring of the diode temperature T305 , for example by use of expression (6),

could then start upon detection of an increased current (voltage). If the current (voltage)

magnitude returns to the expected normal operations magnitude before the diode



temperature exceeds the temperature threshold , the temperature monitoring

could be discontinued, while the current (voltage) monitoring would continue.

In another implementation, the diode temperature T 05 is determined also under normal

operating conditions.

In one implementation of the method shown in Fig. 6, the cooling effects of any heat sinks

and cooling systems are neglected, and the diode temperature can then be estimated

directly from the dissipated heat. In fact, no explicit determination of the diode temperature

has to be made in this implementation, but an implicit determination of the diode

temperature can be made by determining the dissipated heat, using a predefined

relationship between the dissipated heat and the diode temperature T 05. This

implementation yields a less accurate determination of the point in time when the DC

breaker 500 should be triggered than when cooling effects are considered. In this

implementation, step 610 of Fig. 6 could for example include a monitoring of the current I

and/or voltage V305 to detect an increased power dissipation, and if such increased power

dissipation is detected, the dissipated heat could be monitored and a check performed as to

whether the dissipated heat since detection of the increased current (voltage) exceeds a

heat threshold value. The heat threshold value could for example be determined by

or, in order to obtain a more accurate value:

= - y ώ (8b),

where y is determined from the safety temperature by use of a pre

determined relationship between the dissipated heat W and the diode temperature T305 .

Expressions (8a) and (8b) assume that the cooling of the diode losses P can be neglected

during the short time period of the fault.

The protection system configured to perform the method illustrated by Fig. 6 could for

example be part of a general protection system of an HVDC station 100, or could be a

separate protection system. The protection system could for example be implemented by

use of hardware only. An example of a protection system 505, configured to perform the

method of Fig. 6, is shown in Fig. 7a. The protection system 505 of Fig. 7a comprises a



temperature determination mechanism 705 and a trigger mechanism 710, as well as an

input 715 configured to receive a status signal 525 from the VSC converter 105, and an

output 720 configured to deliver a trigger signal 520 to the DC breaker 500. An input of

the temperature determination mechanism 705 is connected to the input 715, and the

temperature determination mechanism 705 is configured to determine the temperature of

the diode 305 in dependence of a received status signal 525. As mentioned above, the

status signal 525 is a signal indicative of a measure from which the temperature of the

diode 305 may be derived, and could for example be a measurement of the current I

through the diode 305, of the voltage U 05 across the diode 305, or of the diode temperature

T 05. The temperature determination mechanism 705 is configured to determine the

temperature of the diode 305 in dependence on a received status signal 525. When the

status signal 525 is indicative of the current I through the diode 305, the temperature

determination mechanism 705 could for example be configured to determine the diode

temperature in accordance with expressions (5)-(7). An output of the temperature

determination mechanism 705 is connected to an input of trigger mechanism 710, and

configured to deliver a signal 723, indicative of a determined temperature T305 . When the

status signal 525 is indicative of a measurement of the diode temperature T305 , temperature

determination mechanism 705 could be omitted, and an input of trigger mechanism 710

could be directly connected to input 715.

Trigger mechanism 710 of Fig. 7a is configured to receive a signal indicative of the diode

temperature T305 , and to compare a received value of the diode temperature T305 to a

temperature threshold . Trigger mechanism 710 is further connected to the output

720, and configured to deliver a trigger signal 520 to the output 720 if the received value of

the diode temperature T305 exceeds the temperature threshold s . In an

implementation wherein the temperature threshold is dynamic, for example in dependence

on the time derivative of the diode temperature, the trigger mechanism is further

configured to update the threshold value, for example in accordance with expression (4). In

such implementation, trigger mechanism 710 could for example comprise a buffer for

storing previous values of the diode temperature T305 , by use of which the temperature

derivate may be determined.



The protection system 505 could, by use of suitable electrical circuitry, be implemented by

means of hardware only. An example of an electrical circuit whereby an embodiment of

the protection system 500 can be implemented is shown in Fig. 7b. Protection system 505

of Fig. 7b comprises a temperature determination mechanism 705 which is configured to

receive a status signal 525, indicative of the current I through the diode 305. Temperature

determination mechanism 705 of Fig. 7b comprises a multiplier 721, configured to receive

the status signal 525 at two inputs, in order to generate a signal indicative of I2. An output

of multiplier 722 is connected to an amplifier 722 of gain R 05, the output of which is

connected to an adder 724. Temperature determination mechanism 705 further comprises

an amplifier 723 of gain V T, configured to receive the status signal 525 and to deliver an

amplified output to the adder 724. The output of adder 724 is thus a signal indicative of the

heat power dissipation P 05 in the diode 305. Temperature determination mechanism 705

further comprises a set of series connected 1st order filters 725, each comprising a resistor

and a capacitor and each representing one term in expression (7). The output of the set of

1st order filters 725 is connected to an adder 726, to which a signal source configured to

generate a signal indicative of the initial temperature is also connected. An output

signal from the adder 726 will hence be a signal indicative of the diode temperature 305,

and the output of adder 726 forms the output of the temperature determination mechanism

705, which is connected to an input of a trigger mechanism 710. Trigger mechanism 710 of

Fig. 7b comprises a subtractor 727 and a comparator 728. The input to trigger mechanism

710 is connected to the positive input of subtractor 727, while the negative input is

connected to a signal source configured to deliver a signal indicative of the threshold

temperature „ . An output signal from subtractor 727 will hence be indicative of

the difference between the present diode temperature T305 and the threshold temperature

- e output of subtractor 727 is connected to an input to comparator 728.

Comparator 728 is configured to generate a trigger signal 520 when a positive input signal

is supplied at its input, i.e. when the diode temperature exceeds the temperature threshold.

The output of comparator 728 is connected to the output 720 of the protection system 505.

The electrical circuit of Fig. 7b can be altered in many ways. For example, the set of 1st

order filters 725 and the adder 726 could be replaced by a filter arrangement which is

connected between a controllable current source and a grounded voltage source generating



a voltage corresponding to i i , where the diode temperature could be output at the

connection point to the controllable current source. The comparator 728 could be replaced

by a comparator having two signal inputs, of which the T 05 signal will be connected to

one, and a signal to the other. Moreover, the trigger mechanism 710 could

further comprise circuitry for generating a dynamic threshold temperature. Furthermore, if

status signal 525 is indicative of voltage instead of current, the temperature determination

mechanism will be altered accordingly. If the status signal is indicative of diode

temperature, mechanism 705 could be omitted.

In an alternative implementation of protection system 505, the protection system 505 is at

least partly implemented by computer software. Fig. 7c shows an alternative illustration of

a protection system 505 which is at least partly implemented by means of computer

programs. Fig. 7b shows the protection system 505 comprising a processor 730 connected

to a computer program product 735 in the form of a memory, as well as to an input 715 and

an output 720. The input 715 is configured to receive data by means of which the diode

temperature can be estimated - the input 715 could for example be connected to a

temperature sensor, a current measurement device arranged to measure the current through

the diode 305, and/or a voltage measurement device arranged to measure the voltage across

the diode 305. The output 720 is arranged to generate a DC breaker trigger signal, and is

typically connected to the input 515 of the DC breaker 500. The memory 735 of protection

system 505 stores computer readable code means in the form of a computer program 740,

which, when executed by the processor 730, causes the protection system 505 to perform

the temperature dependent DC breaker control method of Fig. 6 . The processor 730 could

be a single CPU (Central processing unit), or could comprise two or more processing units.

For example, the processor may include general purpose micro-processor(s), instruction set

processors and/or related chips sets and/or special purpose micro-processor(s) such as

ASICs (Application Specific Integrated Circuit). The processor may also comprise board

memory for caching purposes. The mechanisms 705 and 710 of protection system 505

would hence in this embodiment be implemented by means of a processor 730, in

combination with software 740 for performing temperature dependent control of the DC

breaker 500. In Fig. 7b, the software 740 is shown to be stored on one physical memory

735, however, software 740 could be divided onto more than one physical memory 735. A



memory 735 could be any type of non-volatile computer readable means, such as a hard

drive, a flash memory, an EEPROM (electrically erasable programmable read-only

memory) a DVD disc, a CD disc, a USB memory, etc, or any combination thereof.

Since a switch 300 can be turned off at the occurrence of a fault current, a switch 300 is

conventionally designed to have a rated current density similar to the nominal current of

the VSC converter 105. In normal operation, the current density can be higher in a diode

305 than in a switch 300, since the losses are typically higher in a switch 300 than in a

diode 305 at the same current density. However, until now, a diode 305 of a valve 210 for

high voltage applications, and wherein no major alternative current path is provided, has

been designed to have a rated current density similar to the rated current density of the

switch 300 of the valve 210, so as to ensure that the diode 305 could withstand any fault

currents. By connecting a fast DC breaker 500 to the DC interface 115, where the DC

breaker 500 will be triggered to open when the temperature of the diode 305 exceeds a

temperature threshold, anti-parallel diode 305 of a valve 210 can, in one embodiment, be

designed to have a rated current density which is more than 150% of the rated current

density of the switch 300 of the valve 210. The required thickness, and thus the resistance,

of the semiconducting material, increases with increasing operating voltage of the switch

or switching element, thus effecting the heat power dissipation at surge current, which is a

limiting factor in the reduction in materials consumption of the diode 305. By providing

accurate timing of a DC breaker, the rated current density of a diode 305 in a reverse-

conducting switching arrangement 310 can be at least 150 % of the switch 300 of the

switching arrangement 310 also in switching arrangements wherein the operating voltage

of the switch (or switching element) is high, for example in a reverse-conducting switching

arrangement 310 including IGBTs having a rated voltage of 3-5 kV or higher, such as 4.5

kV.

The anti-parallel diodes 305 are, in this embodiment, typically dimensioned in accordance

with the nominal current of the VSC converter 105, and the valves 210 can be designed so

that at least a major part, if not all, of the current in a short circuit situation will flow

through the anti-parallel diodes 305 (provided that the switches 300 have been turned off).

Hence, great savings can be made in the materials consumption, as well as the space

requirements, of the HVDC station 100. A safety margin can, if desired, be provided in



that the rated current of the anti-parallel diode exceeds the nominal current of the VSC

converter 105, mainly in order to ensure that the anti-parallel diode 305 will withstand,

during a long life time, the nominal currents during normal operation.

A DC breaker 500 is sufficiently fast if it is capable of breaking a current within a

particular breaking time t e from the onset of the opening of the DC breaker 500, where

the breaking time t e of the DC breaker is shorter than the time required for the worst case

short circuit current to generate a destructive amount of heat in a conducting anti-parallel

diode. The short breaking time t e of the DC breaker 500 thus allows for an increase of the

expected short circuit current density, * , of the diodes 305, manifested for example as a

reduction of the cross section area of the anti-parallel diodes 305, and/or a reduction in the

VSC converter impedance , resulting in an increase in the short circuit current < (at

maintained rated voltage) (cf. expression (1)). Typically, t e of a fast DC breaker 500 is in

the order of a tenth of tAc of a typical AC breaker 145 (cf. Fig. 4a). As will be discussed

below, DC breakers 500 having breaking times t e as short as 2 ms are presently available,

corresponding to one tenth of a fundamental frequency period of the AC system 135. By

the term fast DC breaker 500 is here meant a DC breaker of breaking time t e of around 10

ms or shorter, i.e. a breaking time corresponding to half of a fundamental frequency period

in a 50 or 60 Hz AC system 135, or shorter.

Fig. 4b illustrates a comparison between a conventional, AC-breaker-limited HVDC

station design a (having no alternative current path) and a DC-breaker-limited HVDC

station design ∆ wherein the cross sectional area of the anti-parallel diodes 305 of the VSC

converter 105 has been reduced compared to the conventional design, _ § & -4 . The

VSC converter impedance is assumed to be same for the two designs, as is the rated

voltage, and thus, = ,~, although the current density is higher for design

> However, the impedance of diodes 305 of design ∆ will be higher than the

impedance of diodes of design a , since the cross section of the diode 305 is smaller:

¾ Thus, the heat dissipation as a function of time will be higher for the



design ∆ by a factor — . Furthermore, since the volume of the anti-parallel diodes 305 in

design ∆ is smaller than the volume of design a , a lower amount of dissipated heat W 05

will be required for the diodes of design ∆ to reach the fatal temperate fatal than for the

diodes of design a : = assuming similar cooling (the forced or natural

cooling achieved during such short time periods is typically negligible). In the designs for

which the heat dissipation is illustrated in Fig. 4c, — = - . HVDC station design ∆ has

a DC breaker 500 of breaking time toe, which is approximately a tenth of the breaking time

of the AC breaker 145 of design a . Due to this short breaking time toe, the heat " (

developed until the DC breaker 500 has managed to break the current is well below the

fatal heat level , · Hence, a reduction in cross sectional area to 2/3 of the diode area in

a conventional VSC converter 105 would be well within the limits of feasible reductions,

and even further reductions could be made. Hence, considerable savings on the materials

from which the diode 305 is formed could be made.

In one aspect of the invention, the reduction in current surge sensitivity due a short and

accurate breaking time t e is exploited to reduce the material consumption of the valves

210, as illustrated in Fig. 4b. For example, the diode cross section, and hence the amount

of semiconducting material required to form the diodes 305, can be reduced compared to a

conventional VSC converter 105 wherein the diodes 305 are designed to withstand the

short circuit current during 2-3 periods. Furthermore, compared to a conventional valve

210 having a thyristor or other alternative current path that can be temporarily provided in

case of a large fault current, such alternative current path can be omitted or considerably

reduced in terms of current carrying capability. Hence, the manufacturing costs of the

valves 210 can be considerably reduced.

Oftentimes, switching and rectifying elements used to form the switch 300 and the diode

305 are arranged in the same semiconductor chip module, the size of which typically has

an upper limit given by manufacturing considerations. By allowing for a reduction in



semiconductor material consumption of the diode 305 of a valve 210, there will be more

space in the semiconductor chip module for the switching elements, thus allowing for an

increase in the rated current of the switch 300 of the semiconductor chip module. Hence,

the operating power of the VSC converter 105 could be increased with maintained

semiconductor consumption. Alternatively, the number of semiconductor chip modules

used to form the switch 300 and the diode 305 of an electrical valve 210 could be reduced

with maintained power. As an example, a semiconductor chip module could be designed so

that the switching elements occupy 2/3 of the semiconductor chip module area, while the

rectifying elements occupy 1/3 of the semiconductor chip module area - as mentioned

above, the rated current density of the diode 305 can oftentimes be higher than the rated

current density of the switch 300, since the losses will generally be lower in a diode 305,

than in a switch 300, at the same current density. The diode cross section area . will in

this example be 2/3 of the diode cross sectional area of a semiconductor chip module of the

same size, but where the rectifying elements occupy half the semiconductor chip module

area, which is a typical semiconductor chip module in the conventional valve design

wherein the diodes 305 are over-dimensioned. With maintained power rating, the current

density would hence increase to 150% of such half-half semiconductor chip module.

However, the corresponding increase of the cross sectional area of the switch 300 will

allow for an increased power rating of the HVDC station 100, which would result in a

further increase in the short circuit current density in the diodes 305. A semiconductor

chip module 800 having switching elements 805 occupying 2/3 of the cross sectional area

and rectifying elements 810 occupying 1/3 of the area is shown in Fig. 8 . Conventional

symbols are shown to indicate current direction. Other ratios of the area occupied by the

rectifying elements 810 to the area occupied by the switching elements 805 than ½ and 1/3

could be used, such as 2/5, ¼, 3/7, or any other suitable ratio. However, the ratio should

not be so low so that the diode area will not be sufficient for reliably carrying the rated

current during normal operation of the HVDC station 100.

Since not only the short circuit scenario but also the normal operating conditions set

constraints on the design of the diodes 305, it is often the case that the size of the diode 305

will have to be larger than the minimum size allowed in the short circuit scenario.

However, the availability of fast breaking of a short circuit current can also be exploited in

a reduction of the short circuit impedance of the HVDC station 100. In one aspect of the



invention, the provision of accurate timing the control of the DC breaker, and a short

breaking time tDc, is exploited to reduce the impedance of the AC reactors 120 (cf. Fig.

4c), thus allowing for a higher reactive power generation from the VSC converter 105.

Furthermore, a reduction in the size of the AC phase reactors 120 results in a reduced

space and materials consumption of the HVDC station 100.

Such reduction in size of the AC phase reactors is often combined with an optimization of

the diode size to the normal operation conditions. For purposes of illustration, however, a

comparison between two different HVDC station designs having diodes 305 of the same

designs will be discussed. Fig. 4c illustrates a comparison between a conventional, AC-

breaker- limited HVDC station design a (having no alternative current path) and a DC-

breaker- limited HVDC converter design δ wherein the availability of fast current breaking

is exploited in that the impedance of the HVDC station 100 is designed to give a higher

short circuit current Isc- A graph similar to that of Fig. 4a is presented, which shows the

developed heat in a diode 305 of cross-section A as a function of time t for the two

different VSC converter designs and δ in a worst case short circuit situation, where the

impedance i of the VSC converter is lower in design δ than in design a : X > 2i .

Hence, the short circuit current ¾ . of design δ is larger than ¾ of design a : > ¾ .

The design δ assumes a fast DC breaker 500, while the design a is also suitable where the

breaking of the current is a slower, mechanical AC breaker 145. The fatal heat level

, illustrating the level of developed heat at which the diode 305 will be fatally

damaged, is also shown in the graph. Furthermore, a breaking time t e of a fast DC breaker

500 has been indicated, as well as a breaking time Ac of a typical mechanical AC breaker

145. t e of Fig. 4b is approximately a tenth of Ac of Fig. 4b. The graph of Fig. 4c clearly

shows that the short circuit impedance can be considerably reduced, without risking that

the diode 305 will be damaged before the current is broken, when a fast DC breaker 500,

which is operated in dependence on the diode temperature, is connected to the VSC

converter 105. For example, compared to an HVDC station 100 having diodes of the same

design and having a breaking time (TAC) of 50 ms, the short circuit impedance can be

typically be reduced by approximately a factor 3 when a breaker of breaking time 10 ms is

used.



Reactive power generation can for example be important when the DC breaker 500 has

been opened, in order to minimize the disturbances of the breaking of the DC current on

the A C system 135. If inductance of the A C reactors 120 is reduced by M % , the reactive

i
power generation from the VSC converter 105 can be increased by % . The

—

impedance of the A C reactors 120, X 120 , typically forms a considerable part of the short

circuit impedance, Xsc, and a reduction in X i2o will thus result in an increase of the

amplitude of the short circuit current (cf. expressions (1) and (2)). The fast breaking speed

obtained by use of the fast DC breaker 500 on the DC side o f the VSC converter 105

allows for a VSC converter design where X i2o is reduced with maintained current rating of

the diodes 305, or (albeit less so) with a reduced current rating o f the diodes 305. A s an

alternative to providing an increase in the reactive power generation by reducing the

impedance of the A C reactors 120, the voltage rating of the converter 105 could,

particularly in a transformerless HVDC station 100, be reduced with maintained power

rating by reducing the impedance of the A C reactors 120.

In one implementation example, the impedance of the A C reactors 120 is selected such that

the short circuit impedance of the circuit, X Sc, is around 15 % , or less, of the base

impedance of the VSC

X s c CIS - (9)

The base impedance of the VSC converter 105 is given by the ratio of the rated voltage on

the AC side of the VSC converter 105 to the rated A C current through the VSC converter

105:

„ _ rated AC vol tage (
s r ated AGcurrent '

In implementations o f the HVDC station 100 wherein a phase includes a transformer 140,

the transformer impedance should not be reduced below the impedance level required

for protection of the transformer itself, which is often around 10 % of the base impedance

I some implementations wherein a transformer 140 is present, the A C phase

reactor 120 of a phase could actually be omitted. In other implementations of the HVDC



station 100 (e.g. in a transformerless implementation), the AC phase reactor impedance is

the dominant impedance. The sum of A* and ' could for example lie within the

interval 5% -15% of the base impedance. In one example, this sum is approximately 10 %

of the base impedance

Although a diode design which is optimized in relation to the nominal current of the VSC

converter 105 is often desired, there may be circumstances where it is advantageous to

have over-dimensioned diodes 305 in relation to normal operating conditions, so that the

increased breaking speed is fully exploited to allow an HVDC station design of even lower

short circuit impedance.

It should be noted that the W(t) curves in Figs. 4a-4c assume that the momentary

magnitude of the AC current is zero at the triggering of the breaker 500/145 (at t=0), and

that the current thereafter increases in the direction in which the diode 305 conducts

current. Obviously, the triggering of a breaker 500/145 could occur at a different point in

time, and if so, the W(t) curves would be shifted along the t-axis. Depending on the ratio of

t e to the fundamental frequency period, this may affect the point in time at which the fatal

heat level, ' s reached. When designing an HVDC station 100 having a fast DC

breaker 500, a time safety margin should be preferably be applied, so that W 05(tDc) will be

well below and tDc will be well below tfatai, regardless of where in the fundamental

frequency period the triggering of the DC breaker 500 occurs.

To demonstrate the improvements that can be achieved by the invention, the following

example is given: A silicon based diode 305 which is currently available and today used in

applications wherein a maximum short circuit current of around 16.4 kA can last for a

maximum of 2-3 fundamental frequency periods (40-60 ms), could, in combination with a

DC breaker 500 having a breaking time t e of around 2 ms, be used in applications

wherein the maximum short circuit current would be around 50 kA.

When dimensioning the diodes 305 of the VSC converter 105 in accordance with the

normal operating conditions, while providing no major alternative current path in an



electric valve 210 to the paths provided by the reverse-switching arrangement 310, it is

important to minimize any risk of the DC breaker 500 not operating properly. In order to

ensure proper operation of the DC breaker 500, the connection line 510 between the VSC

converter 105 and the DC breaker 500 could advantageously be kept short, in order to

minimize the risk for any earth fault between the VSC converter 105 and the DC breaker

500. A suitable distance between the VSC converter 105 and the DC breaker 500 could for

example lie in the range of 2-10 meters, depending on the rated voltage of the VSC

converter 105 - if the distance is too short, there may be a risk for flashovers from the VSC

converter 105 to the DC breaker 500, wherefore a safety margin for air clearance is

typically required. Roughly, a distance of 1 m per 100 kV is typically required (for

voltages above several 100 kV, a larger distance may be required). For example, for a VSC

converter 105 rated for 320kV DC, a suitable distance between the VSC converter 105 and

the DC breaker 500 could be 3 m. Advantageously, the VSC converter 105 and the DC

breaker 500 could be located in the same building at the HVDC station site, with no

bushing used along the connection line 510 between the VSC converter 105 and the DC

breaker 500, in order to minimize the risk for flash-over. Since the temperature

requirements of the VSC converter 105 and the DC breaker 500 are similar, this would

typically be feasible. Furthermore, the connection line 510 could advantageously be

mechanically supported, for example by support insulators with over-dimensioned

creepage and air clearance, to provide a robust connection in order to minimize the risk for

earth fault or short circuit situations, and/or the VSC converter 105 and the DC breaker 500

could be mechanically integrated in a common valve hall.

In order to further improve the safety of the HVDC station 100, the protection system

could be configured to determine, upon opening of the DC breaker 500, whether the

current in the connection line 510 in the vicinity of the DC interface 115, has gone down to

zero when the DC breaker 500 has opened. If not, this is an indication that the fault may

have occurred in the connection line 510, and the protection system could be configured to

then trigger the opening of the AC breaker(s) 145.

Fast DC breakers 500 as discussed above could be of any design which can provide a

breaking time approximately 10 ms, or less, for example 5ms, 2 ms or shorter. The DC

breaker 500 could be for example be an electronic DC breaker, such as an electronic DC



breaker as described in EP0867998, wherein a semi-conductor switch of turn-off type is

connected in parallel with a surge diverter to form an electronic DC breaker. Suitable fast

electronic switches are also disclosed in patent application PCT/EP2009/065233, of which

examples are shown in Figs. 9a and 9b.

The DC breaker 500 of Fig. 9a is an electronic DC breaker 500 comprising a parallel

connection of a (main) electronic switch 900 of turn-off type and a surge diverter 905. The

DC breaker 500 of Fig. 9a further comprises a series connection of a high speed

disconnector 910 and an auxiliary electronic switch 915 of turn-off type, where this series

connection is connected in parallel to the main electronic switch 900 and the surge diverter

905. The DC breaker 500 of Fig. 9a further comprises a reactor 920 connected in series

with the parallel connection, the reactor 920 providing current limitation. The on-resistance

of the auxiliary switch 915 of Fig. 9a is considerably smaller than that of the main switch

900. Moreover, the current breaking power of the auxiliary electronic switch 915 is

considerably lower than that of the main switch 900. During normal operation of a VSC

converter 105 to which the DC breaker 500 of Fig. 9a is connected, the current will flow

through the series connection of the auxiliary switch 915 and the high speed disconnector

910. Upon detection of a possible need for breaking the current, the auxiliary switch 915

will be opened and the current will be commutated to the main switch 900. When no

current flows through the high speed disconnector 910, the high speed disconnector 910

will be opened, ensuring a high voltage withstanding capability of the series connection of

the high speed disconnector 910 and the auxiliary switch 915. In order to break the current,

the main switch 900 will then be opened. By the DC breaker shown in Fig. 9a, efficient,

high-speed breaking of the current can be obtained by means of the main switch 900, while

the drawback of enhanced power dissipation in the main switch 900 can mostly be

avoided, since during normal operation, basically no current will flow through the main

switch 900. The opening of the auxiliary switch 915 could advantageously be triggered

upon an indication that the current may have to be broken, while the triggering of the main

switch 900 could be made conditional on a confirmation from the protection system that

the breaking of the current is actually required.

In Fig. 9a, the auxiliary switch 915 is shown to include one switch base element

comprising two semiconducting power electronic switching elements of turn-off type



connected in anti-parallel, while the main switch 900 is shown to comprise a series

connection of a plurality of such switch base elements. Other types of switch base elements

could further alternatively be used, such as for example switch base elements wherein a

switching element of turn-off type is connected in parallel with an anti-parallel diode

(forming a unidirectional switch base element); or two such unidirectional switch base

elements of opposite direction connected in series; or simply a switching element on its

own. The auxiliary switch 915 could include further switch base elements, and/or the

switch base elements of the auxiliary switch 915 and the main switch 900 could be of

different types.

Suitable switching elements of turn-off type for use in an electronic DC breaker 500 are for

example IGBTs, GTOs and IGCTs. Surge diverters for use in an electronic DC breaker 500

could for example be made from a material having non-linear resistivity, such as ZnO or

SiC resistors, in a known manner.

The DC breakers 500 of EP0867998 and of Fig. 9a are given as examples only, and the DC

breaker 500 could be implemented in alternative ways. In one embodiment the DC breaker

500 could comprise a series connection of two or more independently switchable breaker

sections, so that DC breaker 500 could operate as a current limiting arrangement as well as

a DC breaker 500. An example of such DC breaker 500 which may operate as a current

limiter, as well as a DC breaker 500, is shown in Fig. 9b (see also Fig. 4 of EP0867998).

The current limiting DC breaker of Fig. 9b comprises a series connection of three different

breaker sections 925, where each breaker element 925 comprises a series connection of

high speed disconnector 910 and an auxiliary switch 915; a main switch 900 and a surge

diverter 905, where the main switch 900, the surge diverter 905 and the series connection

of910 & 915 are connected in parallel. The breaker elements 925 are independently

switchable, so that one or two of the breaker elements 925 could be opened, while (a

limited) current would still be flowing through the DC breaker 500. The current limiting

DC breaker 500 of Fig. 9b is shown as an example only, and may be altered in many ways.

For example, a current-limiting DC breaker 500 could include any number L of breaker

elements 925, L>2. The series connection of910 & 915 could be omitted from the breaker

elements 925. If desired, instead of each breaker section 925 having its own auxiliary



switch 915 and disconnector 910, one set of series connection of910 & 915 could be

provided in parallel with the entire series connection of L breaker elements 925.

The present invention should not be construed to be limited to the use of electrical DC

breakers. Assuming for example that a mechanical DC breaker becomes available that has

a breaking time t e of 10 ms or less, such fast mechanical DC breaker 500 could

advantageously be used as a fast DC breaker 500.

As mentioned above, DC breakers 500 have been developed for interconnecting more than

two HVDC stations 100 into a network of HVDC stations forming a grid, so that a faulty

HVDC station 100 can be disconnected from the grid without causing any harm to the

remaining HVDC stations 100 of the grid. In order to achieve this, an HVDC switchyard is

conventionally provided, wherein DC transmission lines 110 from different HVDC stations

100 are interconnected via switchyard DC breakers. An example of an HVDC switchyard

1000 is shown in Fig. 10a. The HVDC switchyard 1000 of Fig. 10a interconnects, via two

busbars 1005, four DC transmission lines 110 from four different HVDC stations, of which

one is shown. An HVDC switchyard 1000 if often located in the vicinity of one of the

HVDC stations 100 that it interconnects, such HVDC station 100 here being referred to as

a local HVDC station 100 - the distant HVDC stations, typically located at a distance of

100 km or more from the HVDC switchyard 1000, are referred to as distant HVDC stations

100.

The HVDC switchyard 1000 of Fig. 10a is a so called one and a half breaker switchyard,

where six switchyard DC breakers 1010 are provided to separate the four DC transmission

lines 110 from each other. Other configurations of HVDC switchyards 1000 could

alternatively be used, such as the so called two breaker configuration known in the art.

Furthermore, an HVDC switchyard 1000 could interconnect any number of HVDC stations

100. In Fig. 10a, the two DC breakers 1010 that interconnect the local HVDC station with

the busbars 1005 are denoted lOlOi.

If an earth fault, or short circuit fault, occurs in one of the HVDC stations 100, or in one of

the transmission lines 110 connected to the HVDC switchyard 1000, the switchyard DC

breakers 1010 connecting such faulty HVDC station/DC transmission line to the HVDC



switchyard 1000 will be opened, so that the faulty HVDC station/DC transmission line will

be disconnected from the remaining HVDC stations 100, which could then continue in

operation.

As mentioned above, it is important that the disconnection of the faulty HVDC station/DC

transmission line can be performed at high speed, since the current surges brought about by

such fault will travel fast through the HVDC grid. If the DC breakers 1010 of the HVDC

switchyard 1000 are too slow, discharge in the HVDC switchyard will significantly lower

the DC voltage at the in-feeding HVDC stations 100, which may result in the

disconnection of these in-feeding HVDC stations 100, and possibly a collapse of the entire

HVDC grid. However, if a local HVDC station 100 (located in the vicinity of the HVDC

switchyard 1000) is provided with a fast DC breaker 500, i.e. a DC breaker of breaking

time of 10 ms or shorter as discussed above, it is often sufficient to use, as the switchyard

DC breakers 1010, DC breakers of lower operating speed. DC breakers of lower operating

speed, for example mechanical DC breakers, are typically far less costly than fast DC

breakers, and a big reduction in materials consumption and monetary expense can be

achieved by using DC breakers of different speed in a local HVDC station 100 and the

HVDC switchyard 1000.

In Figs. 10a and 10b, fast DC breakers are indicated by a rectangle surrounding the

breaking symbol, while the symbols indicating slower DC breakers have no such

surrounding rectangle. In the configuration shown in Fig. 10a, all switchyard DC breakers

1010 are DC breakers of a slower type, while the HVDC station DC breaker 500 is a fast

DC breaker.

A local HVDC station 100 is typically more vulnerable than the distant HVDC stations 100

to the current surge occasioned by an earth fault or short circuit in the grid, since the

lengthy DC transmission lines 110 interconnecting the distant HVDC stations 100 with the

HVDC switchyard 1000 provide an impedance which slows down the propagation of the

current surge. By using slower DC breakers 1010 in the HVDC switchyard 1000, any fault

current will have time to grow larger in the vicinity of the HVDC switchyard 1000 than if

fast DC breakers were used in the switchyard 1000, and hence, the HVDC transmission

lines 110 and the busbars 1005 will be exposed to higher currents. However, the HVDC



transmission lines 110 and busbars 1005 are typically far less sensitive to current

magnitude than the devices of an HVDC station 100, and the HVDC transmission lines

110 and busbars 1005 will generally not be damaged by the occurring current surges.

Hence, in order to save on monetary expenses and semiconducting material, the switchyard

DC breakers 1010 could advantageously be mechanical DC breakers, if any local HVDC

station(s) 100, connected to the HVDC switchyard 1000 and located in the vicinity of

HVDC switchyard 1000, is equipped with a fast DC breaker 500.

Upon detection of a major fault in an HVDC station 100 or DC transmission line 100

connected to the HVDC switchyard 1000, the fast DC breaker 500 of a local HVDC station

100 will be tripped, as well as the ones of the switchyard DC breakers 1010 which connect

the faulty HVDC station/DC transmission line to the switchyard 1000. The opening of the

fast DC breaker 500 will be completed well before the critical time at which the current

surge would otherwise have caused damage to the local HVDC station 100. Once

successful opening of the relevant switchyard DC breakers 1010 has taken place, the DC

breaker 500 of the local HVDC station will be closed, so that this local HVDC station 100

can continue the interrupted energy transfer via the HVDC grid. In the time period during

which the local HVDC station 100 was disconnected from the grid, SVC operation of the

local HVDC station 100 could continue, thereby minimizing the disturbances caused by

the fault in the AC system 135.

The use of DC breakers of different breaking speed when connecting a local HVDC station

100 to an HVDC switchyard 1000 is not limited to HVDC stations 100 wherein the HVDC

station 100 is configured to trip a DC breaker 500 interconnecting the HVDC station with

the HVDC switchyard 1000 in dependence of a temperature of a reverse-conducting

component, but could be applied to HVDC grids comprising HVDC stations 100 of any

design. In fact, the use of DC breakers of different speed when connecting a local HVDC

station 100 to an HVDC switchyard 1000 is not limited to HVDC stations 100 comprising

a DC breaker 500. When interconnecting a local HVDC station 100 which does not include

a DC breaker 500, the HVDC switchyard 1000 itself could include DC breakers of

different speed, so that the local HVDC station 100 is connected to the HVDC switchyard

via fast DC breakers 1010 (e.g. electronic DC breakers) of the HVDC switchyard 1000,



while the remote HVDC stations 100 would be connected to the HVDC switchyard 1000

via slower DC breakers 1010 (e.g. mechanical DC breakers). An example of such

configuration is shown in Fig. 10b, where a local HVDC station 100 is connected to an

HVDC switchyard 1000 via two fast DC breakers lOlOi, forming part of the HVDC

switchyard, while the HVDC switchyard furthermore comprises slower DC breakers 1010

for connection of remote HVDC stations 100.

Although various aspects of the invention are set out in the accompanying independent

claims, other aspects of the invention include the combination of any features presented in

the above description and/or in the accompanying claims, and not solely the combinations

explicitly set out in the accompanying claims.

One skilled in the art will appreciate that the technology presented herein is not limited to

the embodiments disclosed in the accompanying drawings and the foregoing detailed

description, which are presented for purposes of illustration only, but it can be

implemented in a number of different ways, and it is defined by the following claims.



Claims

1. An HVDC converter station (100) for interconnection of a DC transmission line ( 110)

and an AC system (135) of at least one AC phase, the HVDC converter station comprising

a VSC converter (105) having at least two electric valves (210), each having a

reverse-conducting switch arrangement (310) comprising a switch component (300) and a

reverse-conducting component (305); and

a DC breaker (500) connected to a DC interface ( 115) of the VSC converter in a

manner so that the DC breaker will be connected in series between the VSC converter and

the DC transmission line; and

a protection system (505) configured to

monitor the temperature of the reverse-conducting component (305) of at

least one of the reverse-conducting switch arrangement, and

trigger the opening of the DC breaker if the temperature of the reverse-

conducting component exceeds a temperature threshold.

2 . The HVDC converter station of claim 1, wherein

the protection system is configured to monitor the temperature of the reverse

conducting component of the switch arrangement by:

measuring the current flowing through the reverse-conducting component,

and/or by measuring the voltage across the reverse-conducting component of the switch

arrangement, and

estimating the temperature of the reverse-conducting component in

dependence of such current and/or voltage measurements.

3 . The HVDC converter station of claim 1 or 2, wherein

the protection system is further configured to determine a dynamic value of the

temperature threshold.

4 . The HVDC converter station of any one of the above claims, further comprising at least

one AC breaker connected to an AC interface of the VSC converter, wherein;

the protection system is further configured to, if the DC breaker has been

opened:



determine, if a current flows in a connection line (510) interconnecting the

DC interface and the DC breaker, and, if so,

trigger the opening of the AC breaker(s).

5 . The HVDC converter station of any one of the above claims, wherein:

the rated current density of the reverse-conducting component is more than 150

% of the rated current density of the switch component (300) of the reverse-conducting

switch arrangement.

6 . The HVDC converter station of claim 5, wherein

the rated current of the anti-parallel diode of an electric valve is substantially the

same as the rated current of the semiconductor switch of the electric valve.

7 . The HVDC converter station of claim 5 or 6, wherein

a semiconductor switching element (805) forming part of the semiconductor

switch and a rectifying element (810) forming part of the anti-parallel diode are located in

the same semiconductor chip module (800); and

the ratio of the area occupancy of the rectifying element to the area occupancy of

the semiconductor switching element on the semiconductor chip module is smaller than

1.0, for example 0.5.

8. The HVDC converter station of any one of the above claims, wherein

the DC breaker is capable of breaking a current within a particular breaking time

t e from the onset of the opening of the DC breaker, where the particular breaking time t e

of the DC breaker is shorter than the time required for the worst case fault current to

generate a destructive amount of heat in the conducting reverse-conducting component of

the switch arrangement.

9 . The HVDC converter of claim 8, wherein

the particular breaking time t e is shorter than half of the fundamental frequency

period of the AC system.

10. The HVDC converter station of any one of the above claims, wherein



the short circuit impedance of the HVDC converter station is less than 15 % of

the base impedance of the HVDC converter station.

11. The HVDC converter station of any one of the above claims, wherein

the electric valves are designed such that in a worst case fault scenario, at least a

majority of the current through the VSC converter will flow through at least one reverse-

conducting component.

12. The HVDC converter station of any one of the above claims, wherein

the connection distance between the DC breaker and the DC interface is less

than 10 meters.

13. The HVDC converter station of any one the above claims, wherein the DC breaker

comprises:

a main semiconductor switch (900) of turn-off type;

a non-linear resistor (905) connected in parallel with the main semi-conductor

switch; and

a series connection of a high speed switch (910) and an auxiliary semiconductor

switch (915) of turn-off type, wherein the series connection is connected in parallel to the

main semiconductor switch and the non-linear resistor.

14. The HVDC converter station of any one of the above claims, wherein

the DC breaker comprises a series connection of at least two independently

switchable breaker sections (925), so that the DC breaker could operate as a current limiter.

15. An HVDC system comprising the HVDC converter station of any one the above

claims, the HVDC system further comprising:

an HVDC switchyard (1000) connected to the HVDC converter station via the

DC breaker, wherein

the HVDC switchyard comprises at least one busbar (1005) and at least one

switchyard DC breaker (1010) connecting the converter station DC breaker (500) with at

least one of the at least one busbars; wherein



the converter station DC breaker is capable of providing a higher breaking speed

than the switchyard DC breakers.

16. A method of operating an HVDC converter station (100) for interconnection of a DC

transmission line ( 110) and an AC system (135), wherein

the HVDC converter station includes a VSC converter (105) and a DC breaker

(500);

the VSC converter includes at least two electric valves (210), each having a

reverse-conducting switch arrangement (310); and

the DC breaker is connected in series between the transmission line and a DC

interface ( 115) of the VSC converter, the method comprising:

monitoring (610) the temperature of at least one of the reverse-conducting

components in order to check whether the temperature is above a temperature threshold,

and if so,

triggering (615) the opening of the DC breaker.

17. The method of claim 16, wherein

the monitoring of the temperature of the reverse-conducting component is

performed by

measuring the current flowing through the reverse- conducting component,

and/or by measuring the voltage across the reverse-conducting component of the switch

arrangement, and

estimating the temperature of the reverse-conducting component in

dependence of such current and/or voltage measurements.

18. The method of any one of claims 16 or 17, further comprising

determining, and from time to time updating, a dynamic value of the temperature

threshold.

19. The method of any one of claims 16-18, wherein the HVDC station further comprises

at least one AC breaker connected to an AC interface of the VSC converter, the method

further comprising, if the DC breaker has been opened:



determining if a current flows in a connection line (510) interconnecting the

nd the DC breaker, and, if so,

triggering the opening of the AC breaker(s).
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