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© (57) Abstract: A Voltage Sourced Converter, VSC, for a High Voitage Direct Current, HVDC, power converter, the VSC comprises
a bridge circuit for each of one or more phases of an AG network. The bridge circuit has two arms, each arm connecting the supply
to a pole of a DC terminal, wherein each arm of the bridge circuit has one or more semiconductor modules capable of being switched

o between an on-condition, in which a capacitor of the module is in-line in the arm of the bridge circuit, and an off-condition, in which
the capacitor is out of line. A DC current fault detection arrangement detects a fault arising at one or the other of the poles of the DC

o terminal within the DC converter or the DC grid. A controller responsive to the detection of the DC current fault switches one or
more of the semiconductor modules in one of the arms of the bridge to the on~condition and one or more of the semiconductor mod
ules of the other arm of the bridge circuit to the off-condition.



Power Converter

Fiefd of the Invention

The present invention relates to power converters, an more particularly to a Voltage

Sourced Converter (VSC) for use in High Voltage Direct Current (HVDC) system, and

to control of DC faults therein.

Background

A typicaf configuration of an HVDC power transmission system has two converter

stations that are finked by DC transmission lines. Each converter station employs an

AC/DC converter to connect the DC transmission lines to an AC network or power grid.

There are two different types of HVDC power converter technologies, namely, Current

Sourced Converters CSC) and Voltage Sourced Converters (VSC). VSC HVDC

systems are the latest technology, and can easily be used: (a) to construct a Mu ti

terminal HVDC system; (b for bulk power transmission and system interconnection; (c)

for large scale renewable generation integration; and d) to construct hybrid AC/DC

systems, etc.

Examples of commercially available systems using VSC converters include two- or

three-level converter topologies and a Multi-level Modular Converter (MMC) topology

as well as a cascaded two-ievei converter topology. Also, for these converter

technologies, there are different variants such as half bridge MMC topology, fu!! bridge

MMC topology as wel as hybrid converter topologies. The hybrid converter topologies,

which combine the features and advantages of both of the MMC and 2- eve

converters, can be formed from a combination o high-voltage series switches using

SGBTs connected i series, and "wave-shaping" circuits based on he same types of

"half-bridge" and "full-bridge" cell which make up the MMC. The wave-shaping circuits

can be connected either in series or in parallel with the series-switch circuits.

Figures and 1b show the main structures of a one-terminal MMC VSC of a HVDC

system. As shown i Figure 1a, power s supplied to or from an AC system 1. There is

a point of common coupling (PCC) 2 of the buses of the VSC converter station, which

is connected t a transformer 3 having a star-delta configuration. Power to/from the

transformer 3 is provided from/to a MMC 8 , via a l ne that includes three-phase AC

shunt filters 4 , having a resistance and inductance represented by resistor 5 and



inductor 6, and an AC connector 7 . On the DC sid of th converter are poles P1 an

P2 with capacitors 9 and 10 between the poles and earth. P 1 is connected to DC

terminal pole P3 with the reactance of the line represented by reactance , while P2 is

connected t DC terminal pole P4 with the reactance of the line represented by

reactance 12.

Figure shows the structure of the MMC converter 8 . in this example, there are three

bridges 18, 19, 20 for three phases, respectively, in each converter, There are two

arms, 18a, 18b; 19a, 19b; 20a, 20b in each bridge. There are sub-modules 13 in each

arm, and for an n-leve! MMC HVDC system there will be n-1 sub-modules 13 in each

arm. Each arm a, 18b; 19a, b; 20a, 20b also has a reactor 14 used to facilitate

current control within the phase arms and limit fault currents.

DC fault current suppression is extremely important for a two-terminal or Multi-terminal

VSC HVDC power transmission system to suppress both AC and DC currents arising

from a DC-side (or DC-grid) short circuit, t control and protect the converters and the

DC grid, and hence isolate the faulty DC circuit. Such a control and protection strategy

is crucial to all types of MMC VSC HVDC Systems an their variants, in particular for a

Multi-terminal configuration.

A full bridge MMC topology can suppress a DC fault current, but needs more

semiconductor (IGBT) modules and produces higher power losses. The "full-bridge"

MMC VSC can reverse the voltage to counteract the AC side voltage, an in this way

the converter bridge can totally block the current flow, thereby suppressing fault

currents arising from DC-side short circuit events by the converter control action alone.

However, the full bridge MMC topology requires, in principle, twice the number of

!GBTs compared with a half bridge MMC of the same rating, resulting in an increase in

costs and power losses. Thus, the half-bridge MMC is favoured from the point of view

of the economics of the MMC itself. Unfortunately, a well as with a 2-level VSC

system, a 3-level VSC system and cascaded 2-leve! or 3~level systems, currentiy half

bridge MMC VSCs do not possess the ability to suppress fault currents arising from

DC-side short circuit events by converter control action. As a consequence, half bridge

MMC VSC systems are required t include expensive DC circuit breakers, thereby

substantially eroding their economic benefits.



It would thus be desirable to be able to use a ha!f bridge VSC C i a two-terminal or

Multi-terminal HVDC power transmission system where a DC fault current can be

controlled or managed by the action of the VSC converter itself.

Summary of the invention

The present invention seeks to provide a fast DC fault control and protection from, or

management of, DC fault currents, in VSC-based HVDC power transmission system.

According to a first aspect of the present invention there is provided a Voltage Sourced

Converter, VSC, for a High Voltage Direct Current, HVDC. power converter. The VSC

comprises a bridge circuit for each of one or more phases of an AC network. The

bridge circuit has two arms, each ar connecting the supply to a pole of a DC terminal.

Eac arm of th bridge circuit has one o more semiconductor modules: capable of

being switched between an on-condition, in which a capacitor of the module is in-line in

the ar of the bridge circuit, and an off-condition, in which the capacitor is out of line.

A DC current fault detection arrangemeni is operable for detecting a fault arising at one

or the other of the poles of t DC terminal within the DC converter. A controller is

responsive t the detection of the DC current fault for switching one or more of the

semiconductor modules in one of the arms of the bridge to the on-condition and one or

more of the semiconductor modules of the other arm of the bridge circuit to the off-

condition.

According to a second aspect of the present invention there s provided a method of

DC fault control in a Voltage Sourced Converter, VSC, for a High Voltage Direct

Current, HVDC, power converter. The VSC comprises a bridge circuit for each of one

or more phases of an AC network, the bridge circuit having two arms, each arm

connecting the supply to a pole of a DC terminal. Each arm of the bridge circuit has

one or more semiconductor modules capable of being switched between an on-

condition, in which a capacitor of the module is in-line n the arm of the bridge circuit,

and an off-condition, in which the capacitor is out of line. The method includes

detecting a DC current fault arising at one or the other of the poles of the D terminal.

In response to the detection of the DC current fault, one or more of the semiconductor

modules in one of the arms of the bridge s switched to the on-condition and one or



more of the semiconductor modules of the other arm of the bridge circuit is: switched to

the off-condition.

Embodiments are directed to converter control and protection of the converter and of

the DC grid/system. This includes control and protection of the "half bridge" MMC VSC,

"hybrid 1' converter VSC and other MMC VSC topologies, a cascaded two-level VSC

topology, as well as 2-ievei/3-!evei VSC topologies and their variants. Embodiments

provide the ability to suppress fault currents arising from DC-side short circuit events

using a novel .control strategy. Hence expensive DC circuit breakers are no longer

needed on the DC side, or in the DC grid.

The embodiments described apply fas control and protection of the half bridge MMC

VSC, although the control and protection is equally applicable to other variants that

utilise a VSC, Embodiments may cover the following general applications and variants:

a) MMC VSC HVDC applications that include half-bridge MMC, full bridge MMC

and hybrid converter topologies as wel as their variants.

b) The IGBT modules could be replaced by other types of semiconductor modules

that can perform similar functions.

c) The G BT (or similar) semiconductor module (or modules), or variants thereof,

may be placed in the arms of the MMC, as described. Alternatively, or

additionally, a module or modules may be placed between the DC terminal and

a DC bus or a DC connector or another DC terminal.

d The new control strategy can be applied to fast control and protection of a two-

terminal o multi-terminal MMC VSC HVDC with a DC grid of an complexity

(for example a T connection, or a radial connection, or a meshed grid

connection, etc.) and with any type of D fault (such as DC line to ground and

DC line to line faults, etc.).

e) The new control strategy can be applicable to 2 and 3 level or multi-level VSC

HVDC systems as well as their variants.

f) The new control strategy is primarily developed to provide fast control and

protection of two-terminal or multi-terminal MMC VSC HVDC systems when DC

faults arise. The control strategy is also useful to provide fast control and

protection against AC faults b maximising the branch equivalent impedance

A - see below) to minimise the AC fault currents through the converters,



and at the same time by isolating the DC grid side f om the AC side to reduce

the DC current due to the AC faults,

g) The new control strategy is applicable to cascaded two-leve! VSC HVDC

systems (either two-terminal or multi-terminal).

h) The new control strategy can also be used to provide fast control and protection

of a two-terminal or a mufti-terminal MMC VSC HVDC system (or cascaded

two-level VSC HVDC systems) in the case of a failure o communications

between the terminals or due to the failure of coordinated control between the

terminals when system operation becomes abnormal. When significant

changes of physical parameters of the converters, such as powers or currents,

are detected, y using the converter measurements, the fast control and

protection can isolate the interactions between the converter terminals.

Brief Description the Drawings

Figures 1a-1e show the mai structures of a one-terminal MMC VSC of a HVDC

system.

Figure 2 is a simplified circuit diagram showing a current path in a DC short circuit fault

of half-bridge VSC.

Figure 3 is an equivalent circuit diagram of an MMC VSC at a condition for controlling a

DC fault n accordance with an embodiment of the invention.

Figure 4 is ah AC circuit diagram equivalent to the circuit diagram of Figure 3.

Figure 5 is a DC circuit diagram equivalent to the circuit diagram of Figure 3 .

Figure 6 is a schematic block diagram of a AC/DC power converter in accordance with

an embodiment of the invention.

Figure c shows: the structure of a sub module 13 of an MMC converter 8 , as shown in

Figures 1a an 1b, and of a type suitable for use in embodiments of the invention

(although other similar devices could also b used). The sub-module 3 has a pair of

Insulated Gate Bipolar Transistors ( GBTs 15 or other semiconductor devices that



perform a similar function, and shown as IGBT1 and IGBT2, Each IGBT 15 has an

associated diode 16 in parallel, and a capacitor 7 as shown. The capacitances of all

the capacitors 1 in sub modules 3 of the MMC converter 8 are equal, which means

that for each ar of an n- eve MMC HVDC system, CS CSM2 =...= CSMn .

In normal operation, each sub module 13 of the MMC 8 of the HVDC system can ork

in two different states. One state is the "capacitor-on" state shown n Figure 1d in

which IGBT1 s switched on and IGBT2 is switched off. In this condition the capacitor

in each sub module 13 is connected into the main circuit of the bridge arm, and the

voltage output by the sub module equals the voltage of the capacitor 17. This status is

also described as the on-conditton of the sub-module 13, Note that because IBGT1 is

switched on, the capacitor voltage applies across IBGT2 and its diode, and as this is a

reverse voltage the diode does not conduct. The other state is the "capacitor-off state

shown in Figure 1e, in which iGBTI is switched off and IGBT2 is switched on. In this

condition, the capacitor 1 in each sub module 13 is bypassed, an the voltage output

b the sub module is effectively 0 (or very low), This state is also described as the off-

condition of the sub module 13.

As already indicated, existing power converters, such as the 2-ievel/3-!evel VSC HVDC

and the half bridge MMC VSC HVDC systems, which do not have the ability to

suppress fault currents arising fro DC-side short circuit events by means of converter

action. They require highly specialised DC breakers, or (more usually) an AC breaker

feeding the converter must be opened to clear the fault. This is because, although it is

possible to turn-off the IGBTs 5 (see Figures 1c-1e) in the converter very rapidly, this

only stops current flow in one of the two possible directions. Each IGBT 5 is equipped

with an Integra! inverse parallel diode 16, which cannot be turned off. Consequently,

even with all IGBTs turned off, the converter bridge behaves as an uncontrolled diode

rectifier a shown in Figure 2 . Although the majority of VSC-HVDC systems built today

are simple point-to-point cable systems where DC faults are rare and tripping of AC

circuit breakers can be tolerated, this shortcoming will need to be addressed for Multi-

Terminal MMC VSC-HVDC systems. Currently such systems have to rely on MMCs

that use full bridge topologtes instead of hal bridge or rely on MMCs that use half

bridge and need very expensive D circuit breakers, while the former approach using

full bridge MMC topologies suffers from a near-doubling of the number of

semiconductor devices, resulting in higher capital costs and power losses.



The embodiments described herein utilise a control strategy, in which when a DC fault

appears between P 1 and P3 (as shown in Figure 1a), one or more (even all) of the sub

modules in one arm of each bridge are turned off (IBGTs switched to the off-condition)

and one or more (even all) of the sub modules the other arm of each bridge are

turned on (IBGTs switched to the on-condition).

Typically, the scheme of the new control strategy is to turn on all the sub modules in

one arm of each bridge and turn off all the sub modules in the other arm of each

bridge. The state of the MMC HVDC system with this control strategy applied (i.e. i

the event o a DC fault) produces a circuit as shown in Figure 3 . in Figure 3, a

balanced control is assumed whereby the three single phase circuits (of phases A , B,

C) are identical and hence balanced. Such a balanced structure can be beneficial for

controlling the MMC, but the principles described here are applicable to unbalanced

situations where the three single phase circuits are not necessarily identical. As shown

in Figure 3, the three phases of the AC system are each provided on an identical line

30A, 30B, 30C having a line inductance L and resistance R connected to respective

half bridge circuits 32A, 32B, 32C. One arm of each half bridge circuit has had its

semiconductor modules switched to the off-condition (i.e. capacitors are out of line)

such that the only impedance is the MMC inductance L W . The other half of each half

bridge has its semiconductor modules switched to the on-condition (i.e. capacitors are

in-line) as shown by the capacitors CS ... - -

For this example, with a balanced 3-phase AC side using the new control strategy, the

equivalent A C circuit diagram of the MMC is shown in Figure 4 . In this equivalent

circuit, it is assumed that when the DC fault appeared between P 1 an P3 (shown in

Figure ), the new control strategy turned on all the sub modules (switching on all the

capacitors i the sub modules) in one arm of each bridge and turned off all the sub

modules (bypassing ail the capacitors) in the other arm of each bridge. Although other

schemes can be used in accordance with the new controi strategy, the benefits of the

scheme include that: (a) branch equivalent impedance (actually reactance) Z b

maximised and consequently Z can be maximised, which is useful for limiting the AC

currents; an (b) it reduces the voltage stres to each capacitor being switched on in

the arm.



Because S C = · · = C s - - C , then

but because

we have -¾ V M ¾ ω > w ' h s maximum impedance of AR

When Z can be maximised, then Z is a!so maximised, and so the AC currents on

the AC s de of the MM can be minimised. Also, if the Inductance Value of L
C

is

chosen carefully, ail of the IGBTs can operate with a current that is less than the rated

value of the IGET even when experiencing the most severe DC fault condition

Figure 5 is the equivalent DC circuit diagram of the MMC. As shown in Figure 5,

because a least one (and in this example all) of the capacitors C . . .
n

in the

semiconductor modules in each arm of the half bridge MMC connected t the DC

terminal pole P has been switched to the on condition, no DC current path is available

in the DC circuit diagram as shown in Fig. 5 , which means tha the DC current is

blocked and the DC current path is eliminated as soon as the new control strategy is

applied.

n addition, ail the electrical energy stored in the capacitors and inductors (or inductive

circuits) during the time before the fault arose and the new (emergency) control

strategy was applied, will be released as a form of L osciilation. Under the balanced

system as shown in Fig. 3, the LC oscillation can make the fault current at the DC

terminal, as wel as in the DC !ines take the form of AC current, which has a average

value close to zero and will cross zero regularly with each osciilation. n addition, most

importantly with this emergency DC fault control, the oscillating AC current at the DC

side becomes relatively small and it decays over time. As a result the DC line with the

fault can easily be opened at the instant when the DC fault current crosses zero by

using either simple power electronic switches, or isolators, or AC circuit breakers

(which are much cheaper than DC circuit breakers).



Figure 6 is a high-level block diagram illustrating the components of an HVDC power

transmission system between an AC network 60 and a DC system 64, using a C

VSC power converter 62 as described above. The operation of the iGBTs (or similar

devices) in the MMC VSC 62 is controlled by an GBT control er 66, and is used to

switch the IGBTs i the semiconductor modules in the MMC 62 between the off-

condition and the on-condition. In addition, the system includes a DC Grid fault

detector 70, which can detect the presence of a DC fault current on the DC side. Within

the MMC converter, there is also a built -in fault detector 68, which is used to detect

either AC faults or DC faults. The controller of the MMC can receive detection signals

from these detectors 68 and 70. Although the fault detectors 68, 70 can be applied

based on different principles tailored to the system operations, the most effective

detection should be with over-current detection. For instance, if there is an overcurrent

detected (measured) by fault detector 68, the signal will be sent to the controller 66 and

then the fast protection and control proposed will be taken. Similarly when a DC grid

fault s detected by the DC grid fault detector 70, the signal will be sent to the controller

6 and then the fast protection and control procedure will take place, On detecting a

fault, the signal provided by the faul detector 68 or DC grid fault detector 70 causes

the GBT controller 66 t switch the iGBTs in accordance with the emergency fault

control strategy described above.



CLAIMS;

. A Voltage S rce Converter, VSC, for a High Voltage Direct Current, HVDC,

power converter, the VSC comprising:

a bridge circuit for each of one or more phases of an A network, the bridge

circuit having two arms, each arm connecting the supply to a po e of a DC terminal,

wherein each arm of the bridge circuit has one or more semiconductor modules

capable of being switched between a on-condition, in which a capacitor of the module

is in- ne in the arm of the bridge circuit, and an off-condition, in which the capacitor is

out of line;

a DC current fault detection arrangement for detecting a fault arising within the

DC converter or at one or the other of the poles of the DC terminal; and

a controller responsive to the detection of the DC current fault for switching one

or more o the semiconductor modules in one of the arms of the bridge to the on

condition and one or more of the semiconductor modules of the other arm of the bridge

circuit to the off-condition.

2 . The Voltage Sourced Converter of claim wherein the VSC is Multi-level

Modular Converter, M C, VSC

3 . The Voltage Sourced Converter of claim 2, wherein the VSC is, oris a variant of

a half bridge MMC, full bridge MMC, hybrid converter VSC,

4 . The Voltage Sourced Converter of clai 1 or claim 2 wherein the VSC has a 2-

level or a 3-level VSC topology or a variant thereof,

5 . The Voltage Sourced Converter of any preceding claim wherein the one or

more semiconductor modules comprises a capacitor and an Insulated Gate Bipolar

Transistor, G T , or other semiconductor device that performs a similar function,

wherein the IGBT or other similar device is operable for switching between the on-

condition and the off-condition in which the capacitor is either switched into the

semiconductor module circuit or bypassed.

6 . The Voltage Sourced Converter of clai 5 wherein the, or each, semiconductor

device comprises an integral inverse paral!eS diode.



7. The Voltage Sourced Converter of any preceding ciaim wherein the

semiconductor module, or modules, are placed in the arms of the PMC.

8 . The Voltage Sourced Converter of any preceding ciaim wherein one or more of

the semiconductor is placed between the DC terminal and a DC bus, or a DC

connector, or another DC terminal.

9 . A method of DC fault control in a Voltage Sourced Converter, VSC, for a High

Voltage Direct Gurreni, HVDC, power converter, wherein the VSC comprises a bridge

circuit for each of one or more phases of an AC network, the bridge circuit having two

arms, each arm connecting the supply to a pole of a DC terminal, each arm of the

bridge circuit having one or more semiconductor modules capable of being switched

between an on-condition, in which a capacitor of the module is in-line in the arm of the

bridge circuit, and an off-condition, in which the capacitor is out of line, the method

comprising:

detecting a D current fault arising within the converter or at one or the other of

the poles of the DC terminal; and

in response to the detection of the DC current fault, switching one o more of

the semiconductor modules in one of the arms of the bridge to the on-condition and

switching one or more of the semiconductor moduies of the other arm of the bridge

circuit to the off-condition.

10. The method of claim 9 wherein, in response to the detection of the DC current

fault, ail o the sub modules in one arm of each bridge are turned on and all the sub

modules in the other arm of each bridge are turned off.

. The method of ciaim or clai further comprising: detecting an AC fault and

maximising a branch equivalent impedance so as to minimise the AC fault currents

through the converter.

12. The method of claim 1 , further comprising isolating the DC grid side from the

AC side t reduce the DC current due to the AC fault.
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