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Figure 1

(57) Abstract: The invention relates to a power electronic converter (20a) for use in high voltage direct current power transmis-
sion and reactive power compensation which comprises at least one converter limb (22) including first and second DC terminals
(24a, 24b) for connection in use to a DC network (26), the or each converter limb (22) including at least one first converter block
(32) and at least one second converter block (34) connected between the first and second DC terminals (24a, 24b); the or each first
converter block (32) including a plurality of line-commutated thyristors (36) and at least one first AC terminal (28) for connection
in use to an AC network (30), the or each second converter block (34) including at least one auxiliary converter including a plural-
ity of self-commutated switching elements; wherein the self-commutated switching elements are controllable in use to inject a
voltage to modity a DC voltage presented to the DC side of the converter limb (22) and/or modity an AC voltage and an AC cur-
rent on the AC side of the power electronic converter (20a).
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HYBRID HVDC CONVERTER

This invention relates to a power
electronic converter for use in high wvoltage direct
current power transmission and reactive power
compensation.

In power transmission networks alternating
current (AC) power 1s typically converted to direct
current (DC) power for transmission via overhead lines
and/or undersea 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 to DC power 1is also
utilized in power <transmission networks where it 1is
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 two
such forms of converter are the 1line commutated
converter (LCC) and the voltage source converter (VSC).

One form of known converter is based on the
arrangement of large thyristors in twelve-pulse 1line
commutated converter (LCC) structures to achieve the
conversion between AC and DC power. These converters
are capable of continuous operation at 3000 to 4000

Amperes and are suitable for plant installations
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capable of processing several gigawatts of electrical
power.

Power plants based on these conventional
converters absorb significant quantities of reactive
power from the AC network to which they are connected.
In addition, the twelve-pulse nature of the LCC
structures leads to high levels of harmonic distortion
in converter current. Consequently both of these
factors mean that the conventional power plants require
the use of large passive inductors and capacitors to
provide the required reactive power and filter the
harmonic currents. This leads to an increase in size,
weight and costs of converter hardware.

In addition, inherent regulation effects
arising from an impedance of the associated transformer
and AC network leads to a reduction in DC side wvoltage
with an increase in current flow. This 1is seen as an
inherent negative gslope 1in DC voltage against DC
current characteristic as the power flow increases.

According to a first aspect of the
invention, there is provided a power electronic
converter for use in high voltage direct current power
transmission and reactive power compensation comprising
at least one converter limb including first and second
DC terminals for connection in use to a DC network, the
or each converter limb including at least one first
converter block and at least one second converter block
connected between the first and second DC terminals;
the or each first converter block including a plurality
of line-commutated thyristors and at least one first AC

terminal for connection in use to an AC network, the or
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each second converter Dblock including at least one
auxiliary converter including a plurality of self-
commutated switching elements; wherein the self-
commutated switching elements are controllable in use
to inject a voltage to modify a DC voltage presented to
the DC side of the converter limb and/or modify an AC
voltage and an AC current on the AC side of the
converter.

The provision of first and second converter
blocks results in a hybrid power electronic converter
that incorporates line-commutated thyristors for
conversion between AC and DC power, and self-commutated
switching elements to provide improved performance in
providing reactive power and controlling harmonic
currents. This improved performance results from the
inherent turn-on and turn-off capability and fast
switching characteristics of the self-commutated
switching elements, such as insulated gate Dbipolar
transistors. This 1leads to a reduction in converter
size, weight and costs since it is no longer necessary
to use large harmonic filters and <capacitors to
compensate for harmonic currents and reactive power
drawn by the line commutated converter.

The or each auxiliary converter may be
operated to inject a controlled voltage waveform into
the AC side and/or DC side of the power electronic
converter. The injected voltage waveform can be used to
modify the shape of the AC and/or DC side voltage and
current to control the flow of real power and reactive
power and thereby improve the performance of the power

electronic converter. For example, the voltage waveform
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may be injected to minimise the DC side wvoltage droop
normally associated with increased current and power
flow in line-commutated thyristor-based power
conversion.

In embodiments of the invention the or each
auxiliary converter may be a chain-link converter, the
or each chain-link converter including a chain of
modules connected in series, each module including at
least one pair of self-commutated switching elements
connected in parallel with an energy storage device,
the self-commutated switching elements being
controllable in use such that the or each chain of
modules connected 1in series provides a continuously
variable voltage source.

In such embodiments the or each module of
the or each chain-link converter may include two pairs
of switching elements connected in parallel with the
respective energy storage device 1in a full-bridge
arrangement to define a 4-quadrant bipolar module that
can provide positive or negative voltage and can
conduct current in both directions.

The structure of the chain-link converter
allows the build-up of a combined voltage, which is
higher than the wvoltage provided by an individual
module, via the insertion of multiple modules, each
providing a voltage, into the chain-1link converter. By
varying the value of the combined voltage, the chain-
link converter may be operated to generate a voltage
waveform of variable amplitude and phase angle.

In addition, the structure of the chain-

link converter also allows the use of self-commutated
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switching elements in combination with line-commutated
thyristors which typically have much higher wvoltage
ratings. Self-commutated switching elements such as
IGBTs typically have low voltage ratings which means
that conventional voltage source converters based on
such self-commutated switching elements tend to have a
lower plant rating than conventional twelve-pulse line-
commutated thyristor converters. The capability of the
chain-link converter to build up a combined voltage
however means that self-commutated switching elements
in each module may be associated with voltage levels
exceeding the individual voltage rating of each self-
commutated switching element and therefore may be used
in combination with line-commutated thyristors in a
hybrid power electronic converter.

The ability of a 4-quadrant bipolar module
to provide positive or negative voltages means that the
voltage across the or each chain-link converter may be
built wup from a combination of modules providing
positive or negative voltages. The energy levels in the
individual energy storage devices may be maintained
therefore at optimal levels by controlling the modules
to alternate between positive or negative voltage. The
structure of the 4-quadrant bipolar module also allows
the power electronic converter to operate in the
presence of a reversing DC side wvoltage to enable
reverse power flow while maintaining current flow in
only one direction.

In embodiments employing the use of 4-
quadrant bipolar modules the or each pair of switching

elements may include two self-commutated switching
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elements connected in series or one self-commutated
switching element and one diode connected in series.

The structure of the 4-quadrant bipolar
module offers flexibility in the choice of switching
elements depending on converter requirements.

When the auxiliary converter is only
required to provide positive or negative voltage with
unidirectional current, it is possible to simplify the
design of the bipolar module by replacing one self-
commutated switching element in each pair with a diode.

Preferably the or each energy storage
device includes a capacitor, a fuel cell, a battery or
an auxiliary AC generator with an associated rectifier.

Such flexibility is useful in the design of
converter stations in different locations where the
availability of equipment may vary due to locality and
transport difficulties. For example, the energy storage
device of each module on an offshore wind farm may be
provided in the form of an auxiliary AC generator
connected to a wind turbine.

FEach switching element of the or each
module preferably includes a semiconductor device. Such
a semiconductor device may be in the form of an
insulated gate bipolar transistor, a gate turn-off
thyristor, a field effect transistor, an insulated gate
commutated thyristor or an integrated gate commutated
thyristor.

The use of semiconductor devices is
advantageous because such devices are small in size and
weight and have relatively low power dissipation, which

minimises the need for cooling egquipment. It therefore



WO 2011/124258 PCT/EP2010/054660

10

15

20

25

30

leads to significant reductions 1in ©power converter
cost, size and weight.

The fast switching capabilities of such
semiconductor devices allow the or each chain-link
converter to synthesize complex waveforms for injection
into the AC side and/or DC side of the power electronic
converter. The injection of such complex waveforms can
be used, for example, to minimise the 1levels of
harmonic distortion typically associated with line-
commutated thyristor-based power electronic converters.
Furthermore the inclusion of such semiconductor devices
allow the chain-link converters to respond quickly to
the development of AC and DC side faults, and thereby
improve fault protection of the power electronic
converter.

In embodiments of the invention the or each
auxiliary converter may be operable to generate a
voltage to offset the voltage across a line-commutated
thyristor and thereby minimize the voltage across the
respective line-commutated thyristor.

This feature 1s advantageous in that it
allows the line-commutated thyristors to switch at near
zero voltage and thereby minimise switching losses and
electromagnetic interference. Since the wuse of near
zero voltage switching also reduces voltage sharing
errors and the rate of change of voltage seen by the
line-commutated thyristors, it becomes possible to
simplify the design of converter hardware and
associated snubber components.

In other embodiments the or each auxiliary

converter may be operable to generate a voltage to
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oppose the flow of current created by a fault, in use,
in the AC or DC networks.

The auxiliary converter may be used to
inject a wvoltage to provide the opposing voltage
required to extinguish the fault current and thereby
prevent damage to the ©power electronic converter
components. The use of the power electronic converter
components to carry out both wvoltage conversion and
extinguishment of fault currents simplifies or
eliminates the need for separate protective circuit
equipment, such as a circuit breaker or isolator. This
leads to savings in terms of hardware size, weight and
costs.

In further embodiments the or each first
converter block may include one or more parallel-
connected sets of series-connected line-commutated
thyristors. In such embodiments, a mid-point between
the series-connected line-commutated thyristors of the
or each parallel-connected set defines a first AC
terminal for connection in use to a respective phase of
an AC network.

Such an arrangement of line-commutated
thyristors can be used to carry out rectification and
inversion processes in order to transfer electrical
power between AC and DC networks.

In embodiments of the invention at least
one first converter block may be connected in parallel
with a second converter block, the parallel-connected
first and second converter blocks forming a single-
phase converter element. In such embodiments three

single-phase converter elements may be connected in
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series or parallel on the DC side of the circuit to
define a two-terminal DC network for three-phase
electrical power transmission.

The parallel connection of first and
converter blocks results in a flexible power electronic
converter that is capable of conducting current in both
directions.

In other embodiments, the first converter
block may further include at least one diode. In each
of the following embodiments, the line-commutated
thyristors of the first converter block may be replaced
by diodes.

The wuse of diodes to replace the 1line-
commutated thyristors results 1in power electronic
converters with asymmetrical power transfer
characteristics with limited reverse power flow between
AC and DC networks. Such power electronic converters
are gsuitable for applications, such as windfarms, that
are heavily biased towards the export of power from an
AC network to a DC network and only require minimum
input of power. Consequently converter parts that would
otherwise be required to facilitate the transfer of
power from the DC network to the AC network may be
omitted, which results in savings in terms of size,
weight and costs.

In embodiments of the invention a first
converter block may be connected in series with a
second converter block on the DC side of the circuit to
define a two-terminal DC network for multi-phase
electrical power transmission, the first converter

block including a plurality of parallel-connected sets
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of series-connected line-commutated thyristors, the
first AC terminal of each parallel-connected set being
connected to a respective phase of the AC network, the
second converter block including a ©plurality of
auxiliary converters, each auxiliary converter
including a second AC terminal for connection in use to
a respective phase of the AC network, wherein the or
each parallel-connected set of gseries-connected line-
commutated thyristors and the or each auxiliary
converter are operable to modify an AC voltage of the
associated phase of the AC network. In such an
embodiment, when employing the use of a chain-link
converter, a mid-point of each chain-1link converter
defines a second AC terminal for connection in use to a
respective phase of the AC network.

In such embodiments the power electronic
converter may be connected in use to the AC network via
a transformer such that the first AC terminals of the
first converter block is connected in use to secondary
windings of the transformer and the second AC terminals
of the second converter block is connected in use to
tertiary windings of the transformer.

Such a power electronic converter
arrangement allows the auxiliary converter to inject a
voltage to modify both AC and DC voltages and therefore
contribute to the flow of power in both directions.
Conventionally line-commutated thyristor based
converters draw large amounts of lagging reactive power
which causes the magnitude of the AC voltage to drop as
the level of transmitted ©power and DC current

increases. Such converters rely on the use of on-line
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tap changers at primary windings of a transformer to
stabilise the associated AC voltage by adjusting the
ratio of the transformer so that the converters operate
at the optimum level of voltage. The direct connection
of auxiliary converters to the regpective phases of the
AC network allows direct control of the AC voltage
magnitude. Consequently there is no requirement for on-
line tap changers to stabilise and control the AC
voltage because the self-commutated switching elements
of each auxiliary converter provide the necessary
voltage control. The removal of tap changing equipment
leads to an increase in system reliability as well as
savings in terms of converter size, weight and costs.

In other embodiments the or each converter
limb may include a first converter block connected in
series between two second converter blocks to define
first and second limb portions, each 1limb portion
including at least one line-commutated thyristor
connected in series with a auxiliary converter between
a respective one of the first and second DC terminals
and the respective first AC terminals, each line-
commutated thyristor and each auxiliary converter of
each 1limb portion being operable to switch the
respective limb portion in and out of circuit to
generate a voltage waveform at the respective AC
terminal.

Alternatively the or each converter 1limb
may include two second converter blocks connected in
series Dbetween the series-connected line-commutated
thyristors of the respective first converter block to

define first and second limb portions, a mid-point
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between the two second converter blocks defining the
first AC terminal of the or each converter limb, each
limb portion including at least one line-commutated
thyristor connected in series with an auxiliary
converter between a respective one of the first and
second DC terminals and the respective first AC
terminals, each line-commutated thyristor and each
auxiliary converter of each limb portion being operable
to switch the respective limb portion in and out of
circuit to generate a voltage waveform at the
respective AC terminal.

Other than allowing the auxiliary converter
to inject a voltage to modify both AC and DC voltages
and therefore contribute to the flow of power in both
directions, these power electronic converter
arrangements provide simpler arrangements due to the
reduction in the number of AC terminal connections to
the AC network.

In such embodiments the power electronic
converter may include multiple converter limbs, the
first AC terminal of each converter 1limb being
connected in use to a respective phase of a multi-phase
AC network.

In such power electronic converters, the
line-commutated thyristors and the auxiliary converter
of each converter limb operate independently of that of
the other converter limbs and therefore only affect the
phase connected to the respective first AC terminal,
and has no influence on the phases connected to the

first AC terminals of the other converter limbs.
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In other such embodiments the power
electronic converter may include two converter limbs
and further including a pair of DC 1link capacitors
connected 1in series between the first and second DC
terminals of each converter 1limb and connected in
parallel with each converter limb, a mid-point between
the DC link capacitors defining a third AC terminal for
connection in use to a phase of the AC network.

Synthesising waveforms at the first AC
terminals of the two converter 1limb results in a
generation of a third voltage waveform at the third AC
terminal between the DC 1link capacitors. If the two
synthesised waveforms have identical shapes and
magnitude, the third waveform will share the same
waveform shape and magnitude as the synthesised
waveforms.

Converter parts such as capacitors and
inductors are only required for the first and second
converter limbs. In addition, communication links
between the power electronic converter and a global
controller can be reduced. This reduction of converter
parts result in improvements in cost, space envelope
and operating efficiency, when compared to conventional
three-phase converter arrangements which require
converter parts for all three converter limbs.

Preferably at least one thyristor is
connected in parallel with a second converter block,
the auxiliary converter of the second converter block
being operable to provide a commutating voltage to
switch the associated line-commutated thyristor to an

off state.
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The use of self-commutating switching
elements to assist the turn-off of the associated line-
commutated thyristor provides improved control over the
switching processes in the power electronic converter
and therefore an increase 1in efficiency in power
conversion.

In embodiments of the invention, the power
electronic converter may further include at least one
bypass mechanism operably associated with an auxiliary
converter wherein the or each bypass mechanism is
operable to cause a short circuit through the bypass
mechanism and thereby cause the converter current to
flow through the short circuit while bypassing the
respective auxiliary converter.

Preferably the or each bypass mechanism is
operable to cause a short circuit through the bypass
mechanism upon detection of a fault in the AC or DC
networks or power electronic converter.

In embodiments employing the use of one or
more bypass mechanisms, the or each bypass mechanism
may be connected in parallel with the respective
auxiliary converter.

The or each bypass mechanism preferably
includes a switch, the bypass mechanism being operable
to activate the respective switch to cause a short
circuit through the activated switch. Such a switch may
be in the form of a mechanical bypass switch or a
semiconductor switch.

The inclusion of a bypass mechanism
provides the associated auxiliary converter with

additional fault protection in the event that the
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auxiliary converter is unable to generate the reguired
voltage to oppose and reduce the driving wvoltage to
reduce the fault current or in the event of commutation
failure of thyristors within the power electronic
converter that would otherwise lead to high voltage
being applied directly to the auxiliary converter.

Preferred embodiments of the invention will
now be described, by way of non-limiting examples, with
reference to the accompanying drawings in which:

- Figure 1 shows a power electronic
converter according to a first embodiment of the
invention;

- Figure 2 shows the operation of the power
electronic converter of Figure 1;

- Figure 3 shows the operation of a 4-
quadrant bipolar module;

- Figure 4 shows the step-wise generation
of a 50 Hz sinusoidal voltage waveform;

- Figure 5 shows the operation of a
simplified 4-quadrant bipolar module;

- Figure 6 shows the wuse of 4-quadrant
bipolar modules in the power electronic converter of
Figure 1;

- Figure 7 shows a power electronic
converter according to a second embodiment of the
invention;

- Figure 8 shows a ©power electronic
converter according to a third embodiment of the

invention;
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- Figures 9a, 9o show vector diagrams of
the basic operation of the power electronic converter
of Figure 8;

- Figure 10 shows a ©power electronic
converter according to a fourth embodiment of the
invention;

- Figure 11 shows a ©power electronic
converter according to a fifth embodiment of the
invention;

- Figure 12 shows the operation of the
power electronic converter to minimise power electronic
converter current during a fault in the DC network;

- Figure 13 shows a line-commutated
thyristor connected in parallel with a chain-link
converter; and

- Figure 14 shows a ©power electronic
converter according to a sixth embodiment of the
invention.

A power electronic converter 20a according
to a first embodiment of the invention is shown in
Figure 1.

The power electronic converter 20a
comprises a converter limb 22 including first and
second DC terminals 24a, 24b for connection in use to a
DC network 26, and first AC terminals 28 for connection
in use to an AC network 30.

The converter limb 22 includes a first
converter block 32 and a second converter Dblock 34
connected 1in series between the first and second DC
terminals 24a,24b to define a two-terminal DC network

for exchanging power with a three-phase AC network 30.
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The first converter block 32 includes three
parallel-connected pairs of line-commutated thyristors
36. A mid-point between each pair of line-commutated
thyristors 36 defines a first AC terminal 28 for
connection in use to a respective phase of a three-
phase AC network 30. The provision of the first AC
terminals 28 allows the transfer of electrical power
between the AC and DC networks 30, 26.

The second converter Dblock 34 includes
three auxiliary converters connected in parallel, each
auxiliary converter being a chain-link converter
including a chain of modules connected in series. A
mid-point of each chain-link converter defines a second
AC terminal 40 for connection in use to a regpective
phase of the AC network 30.

The above configuration of the first and
second converter blocks 32,34 means that each phase of
the AC network 30 is influenced by the operation of a
respective parallel-connected pair of line-commutated
thyristors 36 and a respective chain-link converter.
The operation of each line-commutated thyristor 36 and
each chain-link converter only directly affects the
phase to which they are connected.

Figure 2 illustrates the operation of the
power electronic converter 20a in Figure 1. The power
electronic converter 20a 1s controlled to provide
symmetrical power transfer between the AC and DC
networks 30, 26. The DC network 26 in this example is
provided in the form of a remote converter station.

In use, the first and second DC terminals

24a,24b are connected to a respective one of positive
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or negative terminals of the remote converter station
26, the positive and negative terminals respectively
carrying a voltage of +Vy./2 and -Vpo/2, where Vpe is the
DC voltage range of the remote converter station 26.
This configuration allows the remote converter station
26 to provide a DC voltage 42 of either polarity with
respect to the first and second DC terminals 24a, 24b
of the power electronic converter 20a.

During the transfer of power from the AC
network 30 to the remote converter station 26, the DC
voltage 42 across the remote converter station 26 is
set at a first polarity. The arrangement of the line-
commutated thyristors 36 allows a first converter block
32 to act as a rectifier to convert AC power to DC
power while current 43 flows in the DC side of the
power electronic converter 20a in a first direction.

During the transfer of power from the
remote converter station 26 to the AC network 30, the
DC voltage 42 across the remote converter station 26 is
reversed to a second polarity by controlling the
associated firing angles. The arrangement of the line-
commutated thyristors 36 allows the first converter
block 32 to act as an inverter to convert DC power to
AC power while the current 43 in the DC side of the
power electronic converter 20a continues to flow in the
first direction.

The switching operations of the line-
commutated thyristors 36 are controlled to effect the
rectification and inversion ©processes during the
transfer of power between the AC and DC networks 30,

26.
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As seen in Figure 2 and as described above,
during operation of the power electronic converter 20a,
the second converter block 34 is required to be capable
of operating in the presence of a reversing DC voltage
and capable of enabling bidirectional power flow with
unidirectional current flow.

To fulfil these requirements each module 44
of each chain-1link converter of the second converter
block may therefore include two pairs of auxiliary
switching elements <connected in parallel with a
capacitor 46 in a full-bridge arrangement to form a
4-quadrant bipolar module 44, each auxiliary switching
element being a self-commutated switching element 48
connected in parallel with an anti-parallel diode, as
shown in Figure 3.

Chain-link converters based on 4-guadrant
bipolar modules 44 can be operated in four quadrants by
controlling the phase angle and magnitude of the AC
side generated waveform and therefore can absorb or
generate real and reactive power.

The capacitor 46 of each 4-quadrant bipolar
module 44 may be bypassed or inserted into the chain-
link converter by changing the state of the auxiliary
switching elements.

A capacitor 46 of a module 44 is bypassed
when the pairs of self-commutated switching elements 48
are configured to form a short circuit in the module
44, causing the current in the power electronic
converter to pass through the short circuit and bypass
the capacitor 46. This enables the module 44 to provide

a zero voltage.
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A capacitor 46 of a module 44 is inserted
into the chain-link converter when the pairs of self-
commutated switching elements 48 are configured to
allow the converter current to flow into and out of the
capacitor 46, which 1is then able to charge or to
discharge its stored energy and provide a voltage. The
full-bridge arrangement allows the self-commutated
switching elements 48 to be configured to insert the
capacitor 46 in the chain-link converter in either
forward and reverse positions to allow either direction
of current flow through the capacitor 46 so as to
provide a positive or negative voltage.

In addition, the module 44 can conduct
current in both directions when its capacitor 46 is
either bypassed or inserted into the respective chain-
link converter

As such, 4-quadrant bipolar modules 44 are
capable of operating in the presence of a reversing DC
voltage and enabling bidirectional power flow with
unidirectional current flow, as shown in Figure 3.

The provision of 4-gquadrant bipolar modules
44 1in the or each chain-1link converter therefore
renders the use of such chain-link converters
compatible with line-commutated thyristor-based power
conversion.

The self-commutated switching elements 48
are operable so that the chain of modules 44 provides a
stepped variable voltage source, and are switched at
near to the fundamental frequency of the AC network.

It 1s ©possible to build up a combined

voltage across the chain-link converter which is higher
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than the voltage available from each of the individual
modules 44 via the insertion of the capacitors 46 of
multiple modules 44, each providing its own voltage,
into the chain-link converter. This enables the use of
self-commutated switching elements 48 in combination
with line-commutated thyristors which typically have
much higher voltage ratings. Self-commutated switching
elements 48 such as IGBTs typically have low voltage
ratings which means that conventional power electronic
converters Dbased on such self-commutated switching
elements 48 tend to have a lower plant rating than
conventional twelve-pulse line-commutated thyristor
converters. The capability of the chain-link converter
to build up a combined voltage however means that self-
commutated switching elements 48 in each module 44 may
be associated with voltage levels exceeding the
individual voltage rating of each self-commutated
switching element 48 and therefore may be used in
combination with line-commutated thyristors with higher
voltage ratings.

In addition, the ability of a 4-gquadrant
bipolar module 44 +to provide positive or negative
voltages means that the voltage across each chain-1link
converter may be built up from a combination of modules
44 providing positive or negative voltages. The energy
levels in the individual capacitors 46 may be
maintained therefore at optimal levels by controlling
the modules 44 to alternate between providing positive
or negative voltage.

It is also possible to wvary the timing of

switching operations for each module 44 such that the
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insertion and/or bypass of the capacitors 46 of
individual modules 44 in the chain-1link converter
results in the generation of a voltage waveform. An
example of a voltage waveform generated using the
chain-link converter is shown in Figure 4, in which the
insertion of the capacitors of the individual modules
is staggered to generate a 50 Hz sinusoidal waveform.
Other waveform shapes may be generated by adjusting the
timing of switching operations for each module 44 in
the chain-1link converter.

In the embodiment shown in Figure 3, each
self-commutated switching element 48 includes an
insulated gate Dbipolar transistor accompanied by a
reverse-parallel connected diode.

It is envisaged that in other embodiments
each self-commutated switching element 48 may include a
different semiconductor device, such as a field effect
transistor, gate-turn-off thyristor, integrated gate-
commutated transistor, insulated gate commutated
thyristor or other self commutated semiconductor
switches, accompanied by a reverse-parallel connected
diode.

The fast switching capabilities of self-
commutated switching elements 48 allow the or each
chain-link converter to synthesize complex waveforms
for injection into the power electronic converter, and
thereby provide excellent control and flexibility over
the generated converter voltage and current waveforms.
The synthesis and injection of complex waveforms can be

used to minimise harmonic distortion which are
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typically present 1in line-commutated thyristor-based
power conversion.

It is also envisaged that in other
embodiments, the capacitor 46 of each of the modules 44
may be replaced by a different energy storage device
such as a fuel cell, a battery or an auxiliary AC
generator with an associated rectifier.

In other embodiments, the 4-quadrant
bipolar module 44 may be simplified so that each module
44 includes two pairs of auxiliary switching elements,
each pair of auxiliary switching elements consisting of
one gelf-commutated switching element 48 and one diode
52 connected in series, as shown in Figure 5. The
replacement of a self-commutated switching element 48
with a diode 52 in each pair of auxiliary switching
elements leads to a reduction in converter size, weight
and cost.

The simplified 4-quadrant bipolar module 44
can provide positive, zero and negative voltage while
maintaining unidirectional current flow.

A capacitor 46 of the simplified 4-quadrant
bipolar module 44 1is bypassed when a self-commutated
switching element 48 and a diode 52 is configured to
form a short circuit in the module 44, causing the
current 1in the power electronic converter to pass
through the short circuit and bypass the capacitor 46.
This enables the module 44 to provide a zero voltage.

The simplified 4-quadrant bipolar module 44
provides a positive voltage when the self-commutated
switching elements 48 are opened to allow the converter

current to flow in one direction through the capacitor
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46 via the diodes 52, and provides a negative voltage
when the self-commutated switching elements 48 are
closed to allow the converter current to flow in the
other direction through the capacitor 46 wvia the self-
commutated switching elements 48.

Chain-1link converters based on this
simplified 4-quadrant bipolar module 44 are therefore
capable of providing bidirectional power flow with
unidirectional current flow and are therefore
compatible with line-commutated thyristor-based power
conversion.

Figure 6 shows the use of chain-link
converters 38 Dbased on 4-quadrant bipolar modules in
the power electronic converter of Figure 1.

In use, as shown in Figures 1 and 6, the
power electronic converter 20a may be connected to an
AC network 30 via a transformer. Primary windings 54 of
the transformer are directly connected to the AC
network 30 while secondary and tertiary windings 56,58
of the transformer are respectively connected to the
first and second AC terminals 28,40 of the power
electronic converter 20a. The primary windings 54 are
mutually coupled with the secondary and tertiary
windings 56,58 so that the first and second AC
terminals 28,40 are connected in use to a regpective
phase of the AC network 30.

Such an arrangement allows each chain-1link
converter 38 of the second converter Dblock 34 to
directly control the magnitude of the AC voltage of the
respective phase of the AC network 30. Consequently

there is no regquirement for on-line tap changers to be
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incorporated into the associated transformer to
stabilise and control the AC voltage because the self-
commutated switching elements 48 of each chain-link
converter 38 provide the necessary voltage control. The
removal of tap changing equipment leads to an increase
in system reliability as well as savings in terms of
converter size, weight and costs.

A power electronic converter 20b according
to a second embodiment of the invention 1is shown in
Figure 7.

The power electronic converter 20b
comprises three converter limbs 22 including first and
second DC terminals 24a,24b for connection in use to a
DC network 26, and first AC terminals 28 for connection
in use to an AC network 30.

In use, the first and second DC terminals
24a,24b are connected to a respective one of positive
or negative terminals of the DC network 26, the
positive and negative terminals respectively carrying a
voltage of +Vp/2 and -Vpe/2, where Vp. is the DC voltage
range of the DC network 26. This configuration allows
the DC network 26 to provide a DC voltage of either
polarity with respect to the first and second DC
terminals 24a,24b of the power electronic converter 20b
to enable bidirectional power flow between the AC and
DC networks 30,26.

FEach converter limb 22 includes a first
converter block connected in series between two second
converter blocks to define first and second 1limb
portions 60,62, each 1limb portion 60,62 including a

line-commutated thyristor 36 connected in series with a
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chain-link converter 38 between a resgspective one of the
first and second DC terminals 24a,24b and the
respective first AC terminals 28, each line-commutated
thyristor 36 and each chain-link converter 38 of each
limb portion 60,62 being operable to switch the
respective limb portion 60,62 in and out of circuit to
generate a voltage waveform at the respective first AC
terminal 28.

The series connection between the line-
commutated thyristor 36 and the chain-link converter 38
of each of the first and second limb portions 60,62
means that, in other embodiments, they may be connected
in a reverse order between the first AC terminal 28 and
the respective DC terminal 24a,24b.

In other embodiments, each converter limb
may therefore include two second converter Dblocks
connected in series between the series-connected line-
commutated thyristors of the respective first converter
block to define first and second limb portions, a mid-
point between the two second converter blocks defining
the first AC terminal of the or each converter limb,
each limb portion including a line-commutated thyristor
connected 1in series with an chain-link converter
between a respective one of the first and second DC
terminals and the respective first AC terminals, each
line-commutated thyristor and each chain-link converter
of each limb portion being operable to switch the
respective limb portion in and out of circuit to
generate a voltage waveform at the respective first AC

terminal.
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It is envisaged that in other embodiments
each limb portion 60,62 may include a string of line-
commutated thyristors connected in series with the
chain-link converter 38 between a resgspective one of the
first and second DC terminals 24a,24b and the
respective first AC terminals 28.

In the arrangement shown in Figure 7, the
line-commutated thyristors 36 and the chain-link
converter 38 of each converter limb 22 operate
independently of that of the other converter limbs 22
and therefore only directly affects the phase connected
to the respective first AC terminal 28, and has limited
influence on the phases connected to the first AC
terminals 28 of the other converter limbs 22.

This power electronic converter assembly
20b provides a much simpler arrangement due to the
reduction in the number of AC terminal connections to
the AC network 30 while performing similar functions to
the power electronic converter 20a shown in Figure 1.
In addition, the structure of the transformer
interconnecting the AC network 30 and the ©power
electronic converter 20b can be simplified by omitting
the set of tertiary windings 58 shown in Figures 1 and
6.

As described above, the line-commutated
thyristors 36 are controllable to perform rectification
and inversion processes by switching the first and
second limb portion 60,62 into and out of circuit to
generate a voltage waveform at the respective first AC

terminal 28.
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The switching operations in the chain-link
modules 44 may be configured so that the insertion and
bypass of the capacitors 46 are coordinated with the
switching of the line-commutated thyristors 36 to form
a step-wise approximation of, for example, a sinusoidal
waveform at the respective first AC terminals 28. To
generate positive or negative components of a
sinusoidal waveform, the output voltage may be formed
by increasing or decreasing the number of inserted
capacitors 46 in the chain-link converter 38 and
thereby changing the chain-link converter voltage. The
change 1in the chain-link converter voltage can be
observed in the step-wise increments or decrements of
the output voltage at the first AC terminal 28. The
step-wise approximation of the voltage waveform may be
improved by using a higher number of modules 44 with
lower voltage levels to increase the number of voltage
steps.

Each chain-link converter 38 is preferably
operable to generate a voltage to offset the voltage
across a line-commutated thyristor 36 and thereby
minimise the voltage across the respective line-
commutated thyristor 36. Offsetting the voltage across
the line-commutated thyristor 36 may also minimise
switching losses during the commutation of the line-
commutated thyristor 36 between on and off states or to
reduce voltage stress across the line-commutated
thyristor 36 when it is in an off state.

At the point of commutation of line-
commutated thyristors 36 in both 1limb portions 60,62

between on and off states, the associated chain-link
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converter 38 in the respective limb portion 60,62 may
be operated to generate a voltage such that the full
voltage range of the DC network 26, Vpe, 1is opposed by
the voltage provided by the chain-link converters 38 in
both limb portions 60,62. As a result, there is zero or
minimal wvoltage across the line-commutated thyristors
36 of the first and second limb portions 60,62 when the
line-commutated thyristors 36 switch from one state to
the other. Switching at near-zero voltage minimises
losses associated with the commutation of the line-
commutated thyristors 36.

This feature 1s advantageous in that it
allows the line-commutated thyristors 36 to switch at
near zero voltage and thereby minimise switching losses
and electromagnetic interference. Since the use of near
zero voltage switching also reduces voltage sharing
errors and the rate of change of voltage seen by the
line-commutated thyristors 36, it becomes possible to
simplify the design of converter hardware and
associated snubber components.

When a line-commutated thyristor 36 of a
limb portion 60,62 is in an off state, the limb portion
60,62 supports a voltage equal to the difference
between the output voltage at the respective first AC
terminal 28 and the DC voltage at the respective DC
terminal 24. The chain-link converter 38 may be
configured to generate a voltage that opposes the
voltage across the limb portion 60,62 to minimise the
voltage stress across the line-commutated thyristor 36
in the off state. This is because the voltage

capability of each limb portion 60,62 is a combination
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of the voltage capability of the respective chain-link
converter 38 and the voltage rating of the respective
line-commutated thyristor 36 and can be distributed in
a non-symmetrical manner if desired.

It is envisaged that such use of chain-link
converters 38 in offsetting the wvoltage across line-
commutated thyristors 36 to minimise switching losses
and voltage stress across the line-commutated
thyristors 36 are also applicable to other embodiments
of the hybrid power electronic converter.

It is envisaged that in other embodiments
of the invention, the power electronic converter may
include multiple converter limbs, the first AC terminal
of each converter limb being connected in use to a
respective phase of a multi-phase AC network, or a
single converter limb including a first AC terminal for
connection in use to a single-phase AC network.

Alternatively the power electronic
converter 20c may include two converter limbs 22 and
further include a pair of DC 1link capacitors 64
connected 1in series between the first and second DC
terminals 24a,24b of each converter limb 22 and
connected in parallel with each converter limb 22, a
mid-point between the DC link capacitors 64 defining a
third AC terminal 66 for connection in use to a phase
of the AC network 30, as shown in Figure 8.

Synthesising waveforms at the first AC
terminals 28 of the two converter limbs 22 results in a
generation of a third voltage waveform at the third AC
terminal 66 between the DC 1link capacitors 64. If the

two synthesised waveforms have identical shapes and
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magnitude, the third waveform will share the same
waveform shape and magnitude as the synthesised
waveforms.

In circumstances where the waveforms
synthesized at the first AC terminals 28 of the two
converter limbs 22 are identical in shape and
magnitude, the waveform generated at the third AC
terminal 66 will share the same waveform shape and
magnitude.

In circumstances where the power electronic
converter 1is to be used to provide or draw balanced
real power and reactive power from the three phases of
an AC network 30, the shapes of the synthesized
waveforms are preferably sinusoidal to match the
conventional waveform shape of three-phase AC power
supply.

In a conventional three-phase power
electronic converter, the switches 1in each converter
limb 22 are operated at a phase angle displacement of
120 electrical degrees to ensure constant power supply
over each cycle.

The line-commutated thyristors 36 and the
chain-link converters 38 of the two converter limbs 22
may be operated at a phase angle displacement between
the phases of the synthesized waveforms, the phase
angle displacement being preferably 60 electrical
degrees.

The operation of the power electronic
converter 20c may be explained with reference to the

vector diagrams shown in Figures 9a and 9b, which
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assume that the third AC terminal 66 is connected to
ground (zero volts).

The power electronic converter 20c is
operated at a phase angle displacement of 60 electrical
degrees between the synthesized waveforms at the first
AC terminals 28 of the two converter limbs 22. The
angle between the vectors shown in Figures 9a and 9b is
equal to the phase angle displacement between the
synthesized waveforms.

Referring to Figure 9a, the voltage VA at
the first AC terminal 28 of one of the two converter
limbs 22 is equal to one unit voltage with respect to
the zero voltage at the third AC terminal 66.

The voltage VB at the first AC terminal 28
of the other of the two converter limbs 22 is also
equal to one unit voltage with respect of the =zero
voltage at the third AC terminal 66, at 60 degrees with
respect to the vector connecting VA and VB.

A neutral wvoltage VN is calculated by
averaging the three voltages at the first AC terminals
28 of the two converter limbs 22 and the third AC
terminal 66. VN is therefore equal to 0.577 unit
voltage at 30 degrees with respect to the vector
connecting VA and VB and the wvector connecting VC and
VB.

Referring to Figure 9b, the neutral AC side
voltages VAN, VBN and VCN at each AC terminal, with
respect to the neutral voltage VN, is equal to 0.577
unit voltage. The angle displacement between any two

vectors 1s equal to 120 degrees, which follows the
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phase angle displacement between waveforms in a
conventional three-phase power electronic converter.

The power electronic converter 20c
therefore operates as a three-phase power electronic
converter 20c by utilizing neutral AC side voltages
VAN, VBN and VCN.

It is envisaged that the line-commutated
thyristors 36 and the chain-link converters 38 of the
two converter limbs 22 may be controlled to operate at
60 electrical degrees or other phase angle
displacement, and to independently produce sinusoidal
or other shaped waveforms allows differing amounts of
real and reactive power to be drawn from the three
phases of an AC network 30 connected to the AC side of
the power electronic converter 20c.

Converter parts such as capacitors and
inductors are only required for the two converter limbs
22. In addition, communication links between the power
electronic converter 20c and a global controller can be
reduced. This reduction of converter parts result in
improvements in cost, space envelope and operating
efficiency, when compared to conventional three-phase
converter arrangements which require converter parts
for all three converter limbs.

In Figure 10, a first converter block 32 is
connected in parallel with a second converter block 34
to form a single-phase converter element. The first
converter block 32 consists of two parallel-connected
pairs of series-connected line-commutated thyristors
36, a midpoint between each parallel-connected pair of

series-connected line-commutated thyristors 36 defining
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a first AC terminal 28 connected in use to a phase of
an AC network 30. The second converter block 34
includes a chain-link converter 38 that, in use,
modifies a voltage presented to the DC side of the
single-phase converter element to synthesize a waveform
closely approximating an offset rectified sinusoid
waveform. This results in the generation of a near-
perfect sine wave, with minimal harmonic distortion, on
the AC side of the single-phase converter element.

The power electronic converter 20d shown in
Figure 10 does not therefore require harmonic filters
on the AC side of the single-phase converter element to
control power quality. In the absence of the chain-1link
converter 38, the single-phase converter element would
draw a current from the AC network 30 containing large

7" and 9" harmonics,

order harmonics such as 3™, 5%,
which would result in undesirable harmonic distortion
in the voltage waveform at the first AC terminal 28.

The generation of a near-perfect sine wave
at the first AC terminal 28 allows the line-commutated
thyristors 36 to commutate at near-zero voltage and
therefore minimize switching losses in normal operation
of the power electronic converter 20d. It is envisaged
that in other embodiments the chain-link converter 38
may be controlled to synthesize other waveforms
depending on the desired functionality of the power
electronic converter 20d.

The use of the chain-link converter 38 in
the second converter block 34 means that the wvoltage

profile presented to the line-commutated thyristors 36

is imposed and controlled by the chain-link converter
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38, and is a slowly changing waveform rather than the
high voltage steps that would otherwise be presented to
the thyristor. It therefore removes the need for large
and matched voltage sharing components within the main
thyristor converter design and instead results in
simpler and less expensive and more efficient hardware.

Three single-phase converter elements may
be connected in series or parallel on the DC gide of
the circuit to define a two-terminal DC network for
three-phase electrical power transmission. The
structure and function of each of the single phase
converter elements of the three-phase converter is the
same as that of the single-phase converter element
shown in Figure 10.

Each of the chain-link converters operate
independently and 120 electrical degrees apart from
each other. In use, the DC output voltage is the sum of
the individual synthesized waveforms operating 120
electrical degrees apart.

The resgspective first AC terminals 28 of
each single-phase converter element may be connected to
a respective secondary winding 56 of a three-phase
transformer, the secondary windings 56 defining a
three-phase star winding, as shown in Figure 11.

This provision of such an arrangement
results in a flexible power electronic converter 20e
that not only provides bidirectional power flow between
the AC and DC networks 30,26, but also allows the
current in the power electronic converter 20e to flow
in both directions instead of a single direction. This

power electronic converter arrangement 1s compatible
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with the wuse of chain-link converters including 4-
quadrant bipolar modules which are capable of providing
positive, zero or negative voltage, and can conduct
current in both directions.

In embodiments of the invention, the or
each chain-1link converter may be operated to generate a
DC side voltage to compensate for AC side regulation
effects which otherwise would result in a DC side
voltage droop normally caused by increased power flow
and current in the power electronic converter.

Preferably the or each chain-link converter
38 is operable to generate a voltage to oppose the flow
of current 68 created by a fault 70, in use, in the AC
or DC networks 30,26, as shown 1in Figure 12. The
modules 44 of each chain-link converter 38 may be
switched into circuit to inject the opposing voltage 72
into the power electronic converter to extinguish the
fault current 68 and thereby prevent damage to the
power electronic converter components. The fault may be
caused by commutation failure of one or more thyristor
valves in another converter station, which results in
conducting thyristors being connected directly across
the DC network 26 to form a short circuit path.

In the event of a fault in the DC network
26 resulting in high fault current 68 in the power
electronic converter, the auxiliary switching elements
of each module 44 of one or more chain-link converters
38 may be operated to insert the full-bridge modules 44
to inject a wvoltage 72 which opposes the driving

voltage of the non-faulty AC network 30 and thereby
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reduces the fault current 68 in the power electronic
converter.

For example, as shown in Figure 12, a short
circuit 70 occurring across the DC network 26 results
in both voltages at the positive and negative terminals
of the DC network 26 dropping to zero volts. When this
happens, a high fault current 68 can flow from the AC
network 30 through the first limb portion 60 of a
converter limb 22, and return to the AC network 30
through the short circuit 70 and the second 1limb
portion 62 of another converter limb.

The low impedance of the short circuit
means that the fault current 68 flowing in the power
electronic converter may exceed the current rating of
the power electronic converter.

The fault current 68 may be minimized by
opposing the driving voltage from the AC network 30.
This is carried out Dby configuring the auxiliary
switching elements of each chain-link module 44 such
that the modules 44 are inserted into the respective
chain-link converter 38 to provide a voltage which
opposes and thereby reduces the driving voltage.

The use of the power electronic converter
components to carry out both wvoltage conversion and
extinguishment of fault currents 68 simplifies or
eliminates the need for separate protective circuit
egquipment, such as a circuit breaker or isolator. This
leads to savings in terms of hardware size, weight and
costs. In addition, the fast switching capabilities of
self-commutated switching elements allow the chain-link

converter 38 to respond qguickly to the development of
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faults in the AC or DC networks 30,26 and provide the
opposing voltage 72 to extinguish the fault current 68.

Preferably the power electronic converter
further includes at least one bypass mechanism operably
associated with an auxiliary converter.

The inclusion of a bypass mechanism
provides the associated auxiliary converter with
additional fault protection 1in the event that the
auxiliary converter is unable to generate the reguired
voltage to oppose and reduce the driving wvoltage to
reduce the fault current or in the event of commutation
failure of thyristors 36 within the power electronic
converter that would otherwise lead to high voltage
being applied directly to the auxiliary converter.

The power electronic converter shown in
Figure 12 includes a bypass mechanism connected in
parallel with one of its chain-link converters 38. In
use, the bypass mechanism is operable to cause a short
circuit through the bypass mechanism. The short circuit
forms an alternative path for the flow of converter
current and thereby causes the converter current to
bypass the chain-link converter 68.

The provision of an alternative path for
the converter current protects the chain-link converter
from high fault current or high voltage, which may
cause damage to the chain-link converter.

The short circuit is formed by activating a
switch 71 in the bypass mechanism to cause the short
circuit through the activated switch 71. Activation of

the switch 71 may be done manually by an operator or
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automatically upon detection of a fault in the AC or DC
networks 30,26 or the power electronic converter.

The switch 71 of the bypass mechanism is
preferably in the form of a mechanical bypass switch or
a semiconductor switch.

It is envisaged that in embodiments
employing multiple auxiliary converters, the power
electronic converter may include a plurality of bypass
mechanisms, each bypass mechanism being operably
associated with a respective one of the auxiliary
converters.

Preferably at least one line-commutated
thyristor 36 1is connected in parallel with a second
converter block 34 including a chain-link converter 38,
as shown in Figure 13. The chain-link converter 38 of
the second converter block 34 is operable to provide a
commutating voltage to switch the associated line-
commutated thyristor 36 to an off state. The use of
self-commutated switching elements to assist the turn-
off of the associated line-commutated thyristor 36
provides improved control over the switching processes
and therefore an improvement in performance and
efficiency.

It is envisaged that in embodiments of the
invention, the first converter block may further
include at least one diode, or the line-commutated
thyristors of the first converter block may be replaced
by diodes so as to form a power electronic converter
including at least one first converter block including
a plurality of diodes or a combination of line-

commutated thyristors and diodes. Figure 14 shows a
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power electronic converter 20f which is similar to the
power electronic converter 20a shown in Figure 1 except
that all the line-commutated thyristors are replaced by
diodes 74. The substitution of the line-commutated
thyristors in the first converter block 32 with diodes
74 results 1in a power electronic converter 20f with
asymmetrical transfer characteristics.

In Figure 14, the power electronic
converter 20f comprises a converter limb 22 including
first and second DC terminals 24a,24b for connection in
use to a DC network 26, and first AC terminals 28 for
connection in use to an AC network 30.

The converter limb 22 includes a first
converter block 32 and a second converter Dblock 34
connected 1in series between the first and second DC
terminals 24a,24b to define a two-terminal DC network
for three-phase electrical power transmission.

The first converter block 32 includes three
parallel-connected pairs of diodes 74. A mid-point
between each pair of diodes 74 defines a first AC
terminal 28 for connection in use to a regpective phase
of a three-phase AC network 30.

The second converter Dblock 34 includes
three auxiliary converters connected in parallel, each
auxiliary converter being a chain-link converter
including a chain of modules connected in series. A
mid-point of each chain-link converter defines a second
AC terminal 40 for connection in use to a regpective

phase of the AC network 30.
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During the transfer of power from the AC
network 30 to the DC network 26, the first converter
block 32 behaves as a rectifier to effect the
conversion of AC power to DC power. The first converter
block 32 however cannot act as an inverter to transfer
power from the DC network 26 to the AC network 30. When
the polarity of the DC network 26 is reversed such that
both diodes 74 in each pair of series-connected diodes
74 are forward-biased, a short-circuit is formed across
the first converter block 32. Consequently there is no
voltage across the first converter block 32 and no
power flow to the AC network 30 from the first
converter block 32.

The second converter Dblock 34 provides
limited power flow from the DC network 26 to the AC
network 30 as a result of the ability of the 4-quadrant
bipolar modules 44 of the second converter block 34 to
provide bidirectional power flow.

Such power electronic converters 20f are
suitable for applications, such as windfarms, that are
heavily biased towards the export of power from an AC
network 30 to a DC network 26 and only require minimum
input of power. Consequently converter parts that would
otherwise be required to facilitate the transfer of
power from the DC network 26 to the AC network 30 may
be omitted, which results in savings in terms of size,
weight and costs.

It is envisaged that in other embodiments,
the power electronic converter 20f may include multiple

converter limbs 22, each converter limb 22 including at



WO 2011/124258 PCT/EP2010/054660

42

least one first AC terminal 28 for connection in use to

a respective phase of a multiphase AC network 30.
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CLAIMS

1. A power electronic converter (20a) for
use in high wvoltage direct current power transmission
and reactive power compensation comprising at least one
converter limb (22) including first and second DC
terminals (24a, 24b) for connection in wuse to a DC
network (26), the or each converter limb (22) including
at least one first converter block (32) and at least
one second converter block (34) connected between the
first and second DC terminals (24a, 24b); the or each
first converter block (32) including a plurality of
line-commutated thyristors (36) and at least one first
AC terminal (28) for connection in use to an AC network
(30), the or each second converter block (34) including
at least one auxiliary converter including a plurality
of self-commutated switching elements, wherein the
self-commutated switching elements are controllable in
use to inject a voltage to modify a DC voltage
presented to the DC side of the converter limb (22)
and/or modify an AC voltage and an AC current on the AC

side of the converter.

2. A power electronic converter (20a)
according to Claim 1 wherein the or each auxiliary
converter 1s a chain-link converter (38), the or each
chain-link converter including a chain of modules
connected in series, each module including at least one
pair of switching elements connected in parallel with
an energy storage device, the or each pair of switching

elements including at least one self-commutated
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switching element, the switching elements being
controllable in wuse such that the or each chain of
modules (44) connected in series provides a

continuously variable voltage source.

3. A power electronic converter (20a)
according to Claim 2 wherein the or each module of the
or each chain-link converter includes two pairs of
switching elements connected 1in parallel with the
respective energy storage device 1in a full-bridge
arrangement to define a 4-quadrant bipolar module that
can provide positive or negative voltage and can

conduct current in both directions.

4, A power electronic converter (20a)
according to Claim 3 wherein the or each pair of
switching elements include two self-commutated
switching elements connected in series or one self-
commutated switching element and one diode connected in

series.

5. A power electronic converter (20a)
according to any of Claims 2 to 4 wherein the or each
energy storage device includes a capacitor, a fuel
cell, a battery or an auxiliary AC generator with an

associated rectifier.

6. A power electronic converter (20a)
according to any of Claims 1 to 5 wherein each self-
commutated switching element includes a semiconductor

device.
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7. A power electronic converter (20a)
according to Claim 6 wherein the semiconductor device
is an insulated gate bipolar transistor, a gate turn-
off thyristor, a field effect transistor, an insulated
gate commutated thyristor or an integrated (gate

commutated thyristor.

8. A power electronic converter (20a)
according to any preceding claim wherein the or each
auxiliary converter is operable to generate a voltage
to offset the voltage across a line-commutated
thyristor and thereby minimise the voltage across the

respective line-commutated thyristor.

9. A power electronic converter (20a)
according to any preceding claim wherein the or each
auxiliary converter is operable to generate a voltage
to oppose the flow of current created by a fault, in

use, in the AC or DC networks.

10. A power electronic converter (20a)
according to any preceding claim wherein the or each
first converter block includes one or more parallel-
connected sets of series-connected line-commutated

thyristors.

11. A power electronic converter (20a)
according to Claim 10 wherein a mid-point between the
series-connected line-commutated thyristors of the or

each parallel-connected set defines a first AC terminal
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for connection in use to a respective phase of an AC

network.

12. A power electronic converter (20a)
according to any preceding claim wherein at least one
first converter block is connected in parallel with a
second converter block, the parallel-connected first
and second converter blocks forming a single-phase

converter element.

13. A power electronic converter (20a)
according to Claim 12 wherein three single-phase
converter elements are connected in series on the DC
side of the circuit to define a two-terminal DC network

for three-phase electrical power transmission.

14. A power electronic converter (20a)
according to Claim 13 wherein three single-phase
converter elements are connected in parallel on the DC
side of the circuit to define a two-terminal DC network

for three-phase electrical power transmission.

15. A power electronic converter (20a)
according to Claim 10 or Claim 11 wherein a first
converter block is connected in series with a second
converter block on the DC side of the circuit to define
a two-terminal DC network for multi-phase electrical
power transmission, the first converter block including
a plurality of parallel-connected sets of series-
connected line-commutated thyristors, the first AC

terminal of each parallel-connected set being connected
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to a respective phase of the AC network, the second
converter block including a plurality of auxiliary
converters, each auxiliary converter including a second
AC terminal for connection in use to a respective phase
of the AC network, wherein the or each parallel-
connected set of series-connected line-commutated
thyristors and the or each auxiliary converter are
operable to modify an AC voltage of the associated

phase of the AC network.

16. A power electronic converter (20a)
according to Claim 15 when dependent from any of Claims
2 to 5, wherein a mid-point of each chain-link
converter defines a second AC terminal for connection

in use to a respective phase of the AC network.

17. A power electronic converter (20a)
according to Claim 15 or Claim 16 wherein the power
electronic converter 1is connected 1in use to the AC
network via a transformer such that the first AC
terminals of the first converter block is connected in
use to secondary windings of the transformer and the
second AC terminals of the second converter block is
connected in use to tertiary windings of the

transformer.

18. A power electronic converter (20a)
according to any of Claims 1 to 11 wherein the or each
converter limb includes a first converter Dblock
connected in series between two second converter blocks

to define first and second limb portions, each 1limb
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portion including at least one line-commutated
thyristor connected in series with an auxiliary
converter between a respective one of the first and
second DC terminals and the respective first AC
terminals, each line-commutated thyristor and each
auxiliary converter of each limb portion being operable
to switch the respective limb portion in and out of
circuit to generate a voltage waveform at the

respective AC terminal.

19. A power electronic converter (20a)
according to any of Claims 1 to 10 wherein the or each
converter limb includes two second converter blocks
connected in series between the line-commutated
thyristors of the respective first converter block to
define first and second limb portions, a mid-point
between the two second converter blocks defining the
first AC terminal of the or each converter limb, each
limb portion including at least one line-commutated
thyristor connected in series with an auxiliary
converter between a respective one of the first and
second DC terminals and the respective first AC
terminals, each line-commutated thyristor and each
auxiliary converter of each limb portion being operable
to switch the respective limb portion in and out of
circuit to generate a voltage waveform at the

respective first AC terminal.

20. A power electronic converter (20a)
according to Claim 18 or Claim 19 including multiple

converter limbs, the first AC terminal of each
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converter limb being connected in use to a respective

phase of a multi-phase AC network.

21. A power electronic converter (20a)
according to Claim 20 including two converter limbs and
further including a pair of DC 1link <capacitors
connected 1in series between the first and second DC
terminals of each converter 1limb and connected in
parallel with each converter limb, a mid-point between
the DC link capacitors defining a third AC terminal for

connection in use to a phase of the AC network.

22. A power electronic converter (20a)
according to any preceding claim wherein at least one
thyristor is connected in parallel with a second
converter block, the auxiliary converter of the second
converter block being operable to provide a commutating
voltage to switch the associated line-commutated

thyristor to an off state.

23. A power electronic converter (20a)
according to any preceding claim further including at
least one bypass mechanism operably associated with an
auxiliary converter wherein the or each bypass
mechanism is operable to cause a short circuit through
the bypass mechanism and thereby cause the converter
current to flow through the short circuit while

bypassing the respective auxiliary converter.

24, A power electronic converter (20a)

according to Claim 23 wherein the or each bypass
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mechanism is operable to cause a short circuit through
the bypass mechanism upon detection of a fault in the

AC or DC networks or the power electronic converter.

25. A power electronic converter (20a)
according to Claim 23 or Claim 24 wherein the or each
bypass mechanism 1is connected in parallel with the

respective auxiliary converter.

26. A power electronic converter (20a)
according to any of Claims 23 to 25 wherein the or each
bypass mechanism includes a switch, the Dbypass
mechanism being operable to activate the respective
switch to cause a short circuit through the activated

switch.

27. A power electronic converter (20a)
according to Claim 26 wherein the switch 1is a

mechanical bypass switch or a semiconductor switch.

28. A power electronic converter (20a)
according to any preceding claim wherein the or each
first converter block further includes at least one

diode.

29. A power electronic converter (20a)
according to any of Claims 15 to 27 wherein the line-
commutated thyristors of the first converter block are

replaced by diodes.
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