wo 2014/108225 A2 I} A0/ 00O OO A

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(43) International Publication Date
17 July 2014 (17.07.2014)

(10) International Publication Number

WO 2014/108225 A2

WIPOIPCT

(51) International Patent Classification: Not classified

(21) International Application Number:

PCT/EP2013/071635

(22) International Filing Date:

16 October 2013 (16.10.2013)
English
English

(25)
(26)
(30)

Filing Language:
Publication Language:

Priority Data:
13275006.8 11 January 2013 (11.01.2013) EP

Applicant: ALSTOM TECHNOLOGY LTD [CH/CH];
Brown Boveri Strasse 7, CH-5400 Baden (CH).

Inventors: OATES, Colin; The Old Post Office, Chase
Road, Brocton, Stafford ST17 OTL (GB). DYKE, Kevin J;
The Close, Main Road, Aust, Bristol South Gloucestershire
BS35 4AX (GB). TRAINER, David Reginald; 45 Brack-
ens Lane, Alvaston, Derby DE24 0AQ (GB).

Agent: MARSHALIL, Caroline; The Belgrave Centre,
Talbot Street, Nottingham Nottinghamshire NG1 5GG
(GB).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

1

(72

74

31

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: CONVERTER

. 3 ,
35 3f 33 N l (3f /44 46
' ¥ o Ve
_13 ::wrﬁz\ 5[]}‘]/42 5()\‘\;‘\{{:[2’5 i. -F
RSN T
_rb’fjfj"—[ .-———ﬂ“_Tﬂ'”_UM‘L/J'Z 1_ ==
gvﬂ 50\ 50;1 54 50\1{/34 ,::T - .
24 T l I —fj/x
L 7 X

- /77

40 40 4

Figure 2a

(57) Abstract: A voltage source converter (30) comprises: at least two converter limbs (36), each converter limb (36) extending
between first and second DC terminals (32,34) and having first and second limb portions (38,40) separated by an AC terminal (42),
the first and second DC terminals (32,34) being connectable to a DC electrical network (46) and each AC terminal (42) being con-
nectable to a AC electrical network (48), each limb portion (38,40) including at least one switching element (50); at least one chain-
link converter (52), the or each chain-link converter (52) including a plurality of series-connected modules, each module including at
least one switching element and at least one energy storage device, the or each switching element and the or each energy storage
device of each module combining to selectively provide a voltage source, the or each chain-link converter (52) forming a branch to
interconnect two of the AC terminals (42), each limb portion (38,40) of each converter limb (36) being switchable to switch the or
each corresponding chain-link converter (52) into and out of circuit with that limb portion (38,40) and thereby switch the or each
corresponding chain- link converter (52) into and out of circuit with the respective DC terminal (32,34), the or each chain-link con -
verter (52) being switchable to control the configuration of an AC voltage at each corresponding AC terminal (42); and a control
unit (54), wherein the control unit (54) coordinates the switching of the limb portions (38,40) and the or each chain-link converter
(52) to cause transfer of real power between the AC and DC electrical networks (48,46).
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CONVERTER
This invention relates to a voltage source converter.

In power transmission networks alternating current (AC) power is typically converted to
direct current (DC) power for transmission via overhead lines and/or under-sea cables.
This conversion removes the need to compensate for the AC capacitive load effects
imposed by the transmission line or cable, and thereby reduces the cost per kilometer of
the lines and/or cables. Conversion from AC to DC thus becomes cost-effective when
power needs to be transmitted over a long distance.

The conversion of AC power to DC power is also utilized in power transmission networks

where it is necessary to interconnect the AC networks operating at different frequencies.

in any such power transmission network, converters are required at each interface
between AC and DC power to effect the required conversion, and one such form of
converter is a voltage source converter (VSC).

It is known in voltage source converters to use six-switch (two-level) and three-level
converter topologies 10,12 with insulated gate bipolar transistors (IGBT) 14, as shown in
Figures 1a and 1b. The IGBT devices 14 are connected and switched together in series
to enable high power ratings of 10’s to 100’s of MW to be realized. In addition, the IGBT
devices 14 switch on and off several times at high voltage over each cycle of the AC
supply frequency to control the harmonic currents being fed to the AC network. This

leads to high losses, high levels of electromagnetic interference and a complex design.

It is also known in voltage source converters to use a multi-level converter arrangement
such as that shown in Figure 1c. The multi-level converter arrangement includes
respective converter bridges 16 of cells 18 connected in series. Each converter cell 18
includes a pair of series-connected insulated gate bipolar transistors (IGBTs) 20
connected in paraliel with a capacitor 22. The individual converter cells 18 are not
switched simultaneously and the converter voltage steps are comparatively small. The
capacitor 22 of each converter cell 18 is configured to have a sufficiently high capacitive
value in order to constrain the voltage variation at the capacitor terminals in such a multi-
level converter arrangement, and a high number of converter cells 18 are required due to
the limited voltage ratings of the IGBTs 20. A DC side reactor 24 is also required in each

converter bridge 16 to limit transient current flow between converter limbs 26, and
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thereby enable the parallel connection and operation of the converter limbs 26. These
factors lead to expensive, large and heavy equipment that has significant amounts of
stored energy, which makes pre-assembly, testing and transportation of the equipment
difficult.

It is further known to use a line commutated converter, as shown in Figure 1d, to effect
the required conversion between AC and DC power. The line commutated converter of
Figure 1d consists of a plurality of thyristors 28 and inductors 29 which interconnect a
three-phase AC electrical network and a DC electrical network.

According to an aspect of the invention, there is provided a voltage source converter
comprising:

at least two converter limbs, each converter limb extending between first and
second DC terminals and having first and second limb portions separated by an AC
terminal, the first and second DC terminals being connectable to a DC electrical network
and each AC terminal being connectable to a AC electrical network, each limb portion
including at least one switching element;

at least one chain-link converter, the or each chain-link converter including a
plurality of series-connected modules, each module including at least one switching
element and at least one energy storage device, the or each switching element and the
or each energy storage device of each module combining to selectively provide a voltage
source, the or each chain-link converter forming a branch to interconnect two of the AC
terminals, each limb portion of each converter limb being switchable to switch the or
each corresponding chain-link converter into and out of circuit with that limb portion and
thereby switch the or each corresponding chain-link converter into and out of circuit with
the respective DC terminal, the or each chain-link converter being switchable to control
the configuration of an AC voltage at each corresponding AC terminal; and

a control unit, wherein the control unit coordinates the switching of the limb
portions and the or each chain-link converter to cause transfer of real power between the
AC and DC electrical networks.

The coordination of the switching of the limb portions and the or each chain-link
converter to cause transfer of real power between the AC and DC electrical networks
enables transfer of high quality power between the AC and DC electrical networks. This
is because the or each chain-link converter is capable of providing a stepped variable
voltage source, which permits the generation of a voltage waveform across the or each

chain-link converter using a step-wise approximation and thereby formation of a high
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quality AC voltage waveform at each corresponding AC terminal. In contrast, the
omission of the or each chain-link converter from the voltage source converter would
result in the problems described earlier with reference to the conventional voltage source
converters of Figures 1a and 1b.

Such coordination of the switching of the limb portions and the or each chain-link
converter permits simplification of the design and construction of the limb portions
without adversely affecting the performance of the voltage source converter according to
the invention. For example, each limb portion may include a single switching element or
a plurality of switching elements connected in series between the corresponding AC
terminal and a respective one of the DC terminals. Switching elements with high voltage
ratings can be selected for use in the limb portions to further reduce the footprint of the
voltage source converter and thereby minimise the real estate costs of the associated

power station.

The modular arrangement of the or each chain-link converter means that it is
straightforward to increase or decrease the number of modules in the or each chain-link

converter to achieve a desired voltage rating of the voltage source converter.

In addition the configuration of the voltage source converter to connect the or each
chain-link converter between two of the AC terminals reduces the required number of
modules per converter limb and per AC phase in comparison to a conventional voltage
source converter having the same number of converter limbs, each converter limb
including a plurality of modules, an example of which is shown in Figure 1c. As such the
reduction in the overall number of modules provides further savings in terms of the cost,
size and footprint of the voltage source converter.

Furthermore the connection of the or each chain-link converter between two of the AC
terminals results in combination of AC and DC currents in the or each chain-link
converter during operation of the voltage source converter to transfer power between the
AC and DC networks. Consequently the peak current in the or each chain-link converter
is considerably reduced. This not only decreases resistive losses and thereby improves
the efficiency of the or each chain-link converter, but also permits use of switching

elements with lower current ratings in the or each chain-link converter.
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The configuration of the voltage source converter according to the invention therefore
results in an economical, space-saving voltage source converter with high voltage

capabilities.

The number of converter limbs in the voltage source converter may vary to correspond to
the number of phases in a multi-phase AC electrical network.

In embodiments of the invention, the voltage source converter may include three
converter limbs and three chain-link converters, each chain-link converter forming a
branch to interconnect two of the three AC terminals, the three branches being arranged
to form a delta arrangement in which each AC terminal defines a respective junction
between two of the three branches. Such configuration of the voltage source converter
further reduces the peak current in the or each chain-link converter during operation of
the voltage source converter to transfer power between the AC and DC electrical
networks, thus permitting further optimization of the design and construction of the

voltage source converter to reduce its cost, size and footprint.

Preferably the voltage source converter further includes at least one inductor. A first end
of the or each inductor may be connected to the first or second DC terminal and a
second end of the or each inductor may be connectable to a DC electrical network. Such
connection of the or each inductor in the voltage source converter provides a current
source which allows the converter limbs to be operated like a current-sourced line

commutated converter, thus enhancing the operation of the or each chain-link converter.

In embodiments of the invention, the control unit may switch the or each chain-link
converter to filter one or more unwanted components, e.g. harmonic content, from the
AC voltage at each corresponding AC terminal. This obviates the need for separate
filtering equipment which would add to the real estate costs of the associated power

station.

in further embodiments of the invention, the control unit may switch the or each chain-
link converter to generate a sinusoidal voltage waveform at each corresponding AC
terminal. The generation of a sinusoidal voltage waveform at each AC terminal not only
enables formation of a high quality AC voltage waveform at each corresponding AC
terminal, but also permits soft switching of each limb portion, thus reducing switching

losses.
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It will be appreciated that the control unit may switch the or each chain-link converter to
generate other types of voltage waveforms, preferably a voltage waveform with low non-
triple N harmonic content, at each corresponding AC terminal.

In still further embodiments of the invention, the or each switching element and the or
each energy storage device of each module may combine to selectively provide a
bidirectional voltage source that can conduct current in two directions. In such
embodiments, each module may include two pairs of switching elements connected in
parallel with an energy storage device in a full-bridge arrangement to define a 4-quadrant
bipolar module that can provide negative, zero or positive voltage and can conduct
current in two directions.

In the voltage source converter according to the invention, each limb portion may include
a single switching element or a plurality of switching elements connected in series

between the corresponding AC terminal and a respective one of the DC terminals.

At least one switching element may include a naturally-commutated switching device,
e.g. a thyristor or a diode. The use of at least one naturally-commutated switching
device in each limb portion not only improves the robustness of the limb portions, but
also makes the limb portions capable of withstanding surge currents that might occur due
to faults in the DC electrical network due to their construction.

At least one switching element may include a self-commutated switching device. The
self-commutated switching device may be an insulated gate bipolar transistor, a gate
turn-off thyristor, a field effect transistor, an injection-enhanced gate transistor, an
integrated gate commutated thyristor or any other self-commutated semiconductor

device.

Optionally each limb portion may include at least one pair of switching elements
connected in anti-parallel so that each limb portion can conduct current in two directions.
This allows the voltage source converter to be configured to transfer power between the
AC and DC electrical networks in both directions. Each switching element of the or each
pair of switching elements may include a single switching device or a plurality of series

and/or parallel-connected switching devices.
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In the voltage source converter according to the invention, each energy storage device
may be any device that is capable of storing or releasing energy, e.g. a capacitor or

battery.

A preferred embodiment of the invention will now be described, by way of a non-limiting

example, with reference to the accompanying drawings in which:

Figures 1a, 1b and 1c show, in schematic form, prior art voltage source
converters;

Figure 1d shows, in schematic form, a prior art line commutated converter;

Figure 2a shows, in schematic form, a voltage source converter according to an
embodiment of the invention;

Figure 2b shows the structure of a 4-quadrant bipolar module forming part of a
chain-link converter of the voltage source converter of Figure 2a;

Figures 3 to 5 illustrate, in graph form, the operation of the voltage source
converter of Figure 2a; and

Figure 6 illustrates, in graph form, a frequency analysis of an AC phase current
generated at the AC terminal of the voltage source converter of Figure 2.

A voltage source converter 30 according to an embodiment of the invention is shown in

Figure 2a.

The voltage source converter 30 comprises first and second DC terminals 32,34 and

three converter limbs 36.

Each converter limb 36 extends between first and second DC terminals 32,34, and has
first and second limb portions 38,40 separated by an AC terminal 42. In other words, in
each converter limb 36, the first limb portion 38 is connected between the first DC
terminal 32 and the AC terminal 42, and the second limb portion 40 is connected
between the second DC terminal 34 and the AC terminal 42.

The voltage source converter 30 further includes two inductors 44. A first end of each

inductor 44 is connected to a respective one of the first and second DC terminals 32,34.

In use, the second ends of the inductors 44 are respectively connected to positive and

negative terminals of a DC electrical network 46, and each AC terminal 42 is connected
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to a respective phase of a three-phase AC electrical network 48 via a transformer. In this
manner each inductor 44 provides a current source.

Each limb portion 38,40 includes a director switch 50, which includes a single switching
element. Each switching element includes a thyristor. The use of thyristors in the limb
portions 38,40 not only improves the robustness of the limb portions 38,40, but also
makes the limb portions 38,40 capable of withstanding surge currents that might occur
due to faults in the DC electrical network 46.

It is envisaged that, in other embodiments of the invention, each thyristor may be
replaced by an insulated gate bipolar transistor, a diode, a gate turn-off thyristor, a field
effect transistor, an injection-enhanced gate transistor, an integrated gate commutated

thyristor or any other naturally- or self-commutated semiconductor device.

it is further envisaged that, in other embodiments of the invention, each switching
element may be replaced by a plurality of series-connected switching elements to
increase the voltage rating of each limb portion 38,40.

The voltage source converter 30 further includes three chain-link converters 52. Each
chain-link converter 52 forms a branch to interconnect two of the three AC terminals 42
such that the three branches are arranged to form a deita arrangement in which each AC

terminal 42 defines a respective junction between two of the three branches.

The connection of each chain-link converter 52 between two of the AC terminals 42
means that, in use, each limb portion 38,40 of each converter limb 36 is switchable to
switch each corresponding chain-link converter 52 into and out of circuit with that limb
portion 38,40 and thereby switch each corresponding chain-link converter 52 into and out
of circuit with the respective DC terminal 32,34.

Each chain-link converter 52 includes a plurality of series-connected modules 52a. Each
module 52a includes two pairs of switching elements, each of which is referred to hereon
as a “module switch 53a’, and an energy storage device in the form of a capacitor 53b,
as shown in Figure 2b. The module switches 53a are connected in parallel with the
capacitor 53bina full-bridge arrangement to define a 4-quadrant bipolar module that can

provide negative, zero or positive voltage and can conduct current in two directions.
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Each module switch 53a is constituted by a semiconductor device in the form of an
Insulated Gate Bipolar Transistor (IGBT). Each IGBT is connected in parallel with an
anti-parallel diode. It is envisaged that, in other embodiments of the invention, each
module switch may be a different switching device such as a gate turn-off thyristor, a
field effect transistor, an injection-enhanced gate transistor, an integrated gate

commutated thyristor or any other self-commutated semiconductor device.

It is envisaged that, in other embodiments of the invention, the capacitor 53b may be
replaced by another energy storage device that is capable of storing or releasing energy,
e.g. a battery.

The capacitor 53b of each module 52a is selectively bypassed or inserted into the
corresponding chain-link converter 52 by changing the state of the module switches 53a.
This selectively directs current through the capacitor 53b or causes current to bypass the

capacitor 53b, so that each module 52a provides a negative, zero or positive voltage.

The capacitor 53b of each module 52a is bypassed when the pairs of module switches
53a in each module 52a are configured to form a short circuit in the module 52a. This
causes current in the chain-link converter 52 to pass through the short circuit and bypass
the capacitor 53b, and so the module 52a provides a zero voltage, i.e. the module 52a is
configured in a bypassed mode.

The capacitor 53b of each module 52a is inserted into the chain-link converter 52 when
the pairs of module switches 53a in each module 52a are configured to allow the current
in the chain-link converter 52 to flow into and out of the capacitor 53b. The capacitor 53b
then charges or discharges its stored energy so as to provide a non-zero voltage, i.e. the
module 52a is configured in a non-bypassed mode. The full-bridge arrangement of the
module switches 53a of each module permits configuration of the module switches 53a
to cause current to flow into and out of the capacitor 53b in either direction, and so each
module 52a can be configured to provide a negative or positive voltage in the non-

bypassed mode.

It is possible to build up a combined voltage across each chain-link converter 52, which
is higher than the voltage available from each of its individual modules 52a, via the
insertion of the capacitors 53b of multiple modules 52a, each providing its own voltage,
into each chain-link converter 52. In this manner switching of the module switches 53a

of each module 52a causes each chain-link converter 52 to provide a stepped variable
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voltage source, which permits the generation of a voltage waveform across each chain-
link converter 52 using a step-wise approximation. Such switching of each module 52a
can be carried out to control the configuration of the AC voltage at each corresponding
AC terminal 42.

The voltage source converter 30 further includes a control unit 54 to coordinate the
switching of the limb portions 38,40 and the chain-link converters 52.

Operation of the voltage source converter 30 of Figure 2a is described as follows with
reference to Figures 3 to 5.

The control unit 54 switches each chain-link converter 52 to provide a stepped variable
voltage source, as set out above, so as to generate a sinusoidal voltage waveform at
each corresponding AC terminal 42 with reference to a supply voltage of the AC
electrical network 48 through the transformer reactance 56. Each sinusoidal voltage
waveform is separated by 120 electrical degrees from the other two sinusoidal voltage
waveforms. The characteristics of each sinusoidal voltage waveform is configured to
allow the corresponding chain-link converter 52 to draw a required amount of current to
achieve a desired level of power exchange with the AC electrical network 48.

It will be appreciated that, under real grid conditions, the aforementioned manner in
which each chain-link converter 52 generates a sinusoidal voltage waveform at each
corresponding AC terminal 42 could cause an unwanted variation in the AC voltage at
each AC terminal 42, and so the operation of the voltage source converter 30 may

employ the use of a transformer with a tap changer to compensate for any unwanted

variation in the AC voltage at each AC terminal 42.

The inclusion of the inductors 44 in the voltage source converter 30 allows the converter
limbs 36 to be operated like a current-sourced line commutated converter, a conventional
example of which is shown in Figure 1d. The control unit 54 switches the director
switches 50 to turn on and off in the same manner as the switches of a conventional
three-phase line commutated converter that is carrying out rectification of a three-phase
AC voltage to a DC voltage. This causes commutation to occur for /3 radians of the
power cycle in each director switch 50, whereby a director switch 50 in a conducting
state undergoes an instantaneous changeover to a non-conducting state after /6
radians of the power cycle.
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The director switches 50 are switched in a phase-controlled manner in coordination with
the switching of the chain-link converters 52 to control the exchange of power between
the chain-link converters 52 and the converter limbs 36. Such switching of the director
switches 50 and the chain-link converters 52 is also controlled to minimise any net

variation in capacitor voltage level of each module 52a in each chain-link converter 52.

The generation of a sinusoidal voltage waveform at each AC terminal 42 enables soft-
switching of the limb portions 38,40, thus reducing switching losses.

Figure 3 compares an AC phase voltage 58 generated at an AC terminal 42 by one of
the chain-link converters 52 of the voltage source converter 30 of Figure 2a against the
DC voltage 60 of the DC electrical network 46, the AC voltage 62 of the AC electrical
network 48 and a fundamental AC voltage waveform 64.

it is seen from Figure 3 that, whilst a significant level of harmonics is present in the AC
voltage 62 of the AC electrical network 48, the chain-link converter 52 is nonetheless
able to generate a high quality AC phase voltage 58 in the form of a sinusoidal voltage
waveform at the AC terminal 42.

Figure 4 illustrates the variation in current 66,68 in each limb portion 38,40 of one of the
converter limbs 36 of the voltage source converter 30 of Figure 2a and the variation in
current 70 in the corresponding chain-link converter 52. Figure 5 compares the
corresponding, measured AC phase current 72 against a AC reference current 74 and

the corresponding, measured DC currents 76,78 against a DC reference current 80.

It is seen from Figures 4 and 5 that the peak of the current 70 in the chain-link converter
52 is approximately 1.3 kA while the peak of the corresponding AC phase current 72 is
above 2 kA. This is because the delta arrangement of the chain-link converters 52
results in combination of AC and DC currents in each chain-link converter 52 during
operation of the voltage source converter 30 to transfer power from the AC electrical
network 48 to the DC electrical network 46. This has the effect of reducing the peak
current in each chain-link converter 52.

It is also seen from Figure 5 that the operation of the voltage source converter 30 results

in formation of a high quality, sinusoidal AC phase current 72.

10
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Figure 6 illustrates, in graph form, a frequency analysis of an AC phase current
generated at the AC terminal of the voltage source converter 30 of Figure 2a. The low
order of harmonics in the AC phase current indicates the high level of purity of the AC

phase current.

The configuration of the voltage source converter 30 of Figure 2a therefore enables its
operation to transfer high quality power from the AC electrical network 48 to the DC
electrical network 46 through coordination of the switching of the limb portions 38,40 and
the chain-link converters 52 to cause transfer of real power from the AC electrical
network 48 to the DC electrical network 46, with minimal filtering requirements. In
contrast, as mentioned earlier, the omission of each chain-link converter 52 from the
voltage source converter 30 would result in the problems described earlier with reference

to the conventional voltage source converter of Figures 1a and 1b.

Such coordination of the switching of the limb portions 38,40 and the chain-link
converters 52 permits simplification of the design and construction of the limb portions
38,40 without adversely affecting the performance of the voltage source converter 30.
Also, switching elements with high voltage ratings can be selected for use in the limb
portions 38,40 to further reduce the footprint of the voltage source converter 30 and
thereby minimise the real estate costs of the associated power station.

The modular arrangement of each chain-link converter 52 means that it is straightforward
to increase or decrease the number of modules 52a in each chain-link converter 52 to

achieve a desired voltage rating of the voltage source converter 30.

In addition the configuration of the voltage source converter 30 to connect each chain-
link converter 52 between two of the AC terminals 42 reduces the required number of
modules 52a per converter limb 36 and per AC phase in comparison to a conventional
voltage source converter having the same number of converter limbs, each converter
limb including a plurality of modules, an example of which is shown in Figure 1c. As
such the reduction in the overall number of modules 52a provides further savings in

terms of the cost, size and footprint of the voltage source converter 30.

Furthermore the reduced peak current in each chain-link converter 52 not only decreases
resistive losses and thereby improves the efficiency of each chain-link converter 52, but
also permits use of switching elements with lower current ratings in each chain-link

converter 52. Also, the reduced peak current in each chain-link converter 52 reduces the

11
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net variation in capacitor voltage level of each of its modules 52a during the operation of
the voltage source converter 30, thus improving the reliability of the chain-link converters
52 and therefore the voltage source converter 30.

The configuration of the voltage source converter 30 of Figure 2a therefore resuits in an
economical, space-saving voltage source converter 30 with high voltage capabilities.

it will be appreciated that the control unit 54 may switch each chain-link converter 52 to
generate other types of voltage waveforms, preferably a voltage waveform with low non-
triple N harmonic content, at each corresponding AC terminal 42.

Optionally each switching element may be connected in the opposite direction to enable
the voltage source converter to transfer power from the DC electrical network to the AC
electrical network. In such a configuration, the control unit may switch the director
switches to turn on and off in the same manner as the switches of a conventional three-
phase line commutated converter that is carrying out inversion of a DC voltage to a
three-phase AC voltage.

Further optionally each switching element may be replaced by a pair of switching
elements connected in anti-parallel to form a bidirectional director switch so that each
limb portion can conduct current in two directions. This allows the voltage source
converter to be configured to transfer power between the AC and DC electrical networks
in both directions. Each switching element of the pair of switching elements may include

a single thyristor or a plurality of series and/or parallel-connected thyristors.

12
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CLAIMS

1. A voltage source converter comprising:

at least two converter limbs, each converter limb extending between first and
second DC terminals and having first and second limb portions separated by an AC
terminal, the first and second DC terminals being connectable to a DC electrical network
and each AC terminal being connectable to a AC electrical network, each limb portion
including at least one switching element;

at least one chain-link converter, the or each chain-link converter including a
plurality of series-connected modules, each module including at least one switching
element and at least one energy storage device, the or each switching element and the
or each energy storage device of each module combining to selectively provide a voltage
source, the or each chain-link converter forming a branch to interconnect two of the AC
terminals, each limb portion of each converter limb being switchable to switch the or
each corresponding chain-link converter into and out of circuit with each of the limb
portions and thereby switch the or each corresponding chain-link converter into and out
of circuit with the respective DC terminal, the or each chain-link converter being
switchable to control the configuration of an AC voltage at each corresponding AC
terminal; and

a control unit, wherein the control unit coordinates the switching of the limb
portions and the or each chain-link converter to cause transfer of real power between the
AC and DC electrical networks. -

2. A voltage source converter according to Claim 1 including three converter limbs
and three chain-link converters, each chain-link converter forming a branch to
interconnect two of the three AC terminals, the three branches being arranged to form a
delta arrangement in which each AC terminal defines a respective junction between two
of the three branches.

3. A voltage source converter according to any preceding claim further including at
least one inductor, wherein a first end of the or each inductor is connected to the first or
second DC terminal and a second end of the or each inductor is connectable to a DC

electrical network.
4. A voltage source converter according to any preceding claim wherein the control
unit switches the or each chain-link converter to filter one or more unwanted components

from the AC voltage at each corresponding AC terminal.
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5. A voltage source converter according to any preceding claim wherein the control
unit switches the or each chain-link converter to generate a sinusoidal voltage waveform
at each corresponding AC terminal.

6. A voltage source converter according to any preceding claim wherein the or each
switching element and the or each energy storage device of each module combine to
selectively provide a bidirectional voltage source that can conduct current in two

directions.

7. A voltage source converter according to Claim 6 wherein at least one module
includes two pairs of switching elements connected in parallel with an energy storage
device in a full-bridge arrangement to define a 4-quadrant bipolar module that can
provide negative, zero or positive voltage and can conduct current in two directions.

8. A voltage source converter according to any preceding claim wherein each limb
portion includes a single switching element or a plurality of switching elements connected
in series between the corresponding AC terminal and a respective one of the DC

terminals.

9. A voltage source converter according to any preceding claim wherein at least
one switching element includes a naturally-commutated or self-commutated switching

device.
10. A voltage source converter according to any preceding claim wherein each limb

portion includes at least one pair of switching elements connected in anti-parallel so that
each limb portion can conduct current in two directions.

14
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