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(57) Abstract: In the field of high voltage DC power transmission there is a need for a small, lightweight, inexpensive, and reliable
means of connecting first and second high voltage DC power transmission networks. A DC to DC convetter assembly (30; 130; 140;
150; 160; 170), for connecting first and second high voltage DC power transmission networks, comprises an inverter (32; 152; 172)
which has first and second terminals (34, 36) which are connectable in use to a first high voltage DC power transmission network
(16). The inverter (32; 152; 172) is defined by a modular multilevel converter (38) which includes a first inverter limb (40) that ex -
tends between the first and second terminals (34, 36) and has first and second inverter limb portions (50, 52) that are separated by a
third terminal (54). Each inverter limb portion (50, 52) includes at least one rationalised module (68) which has first and second sets
(70, 72) of series-connected current flow control elements (74) that are connected in parallel with at least one energy storage device
(76). Each set of current flow control elements (74) includes an active switching element (90) to selectively direct current through
the energy storage device (76) and a passive current check element (82) to limit current flow through the rationalised module (68) to
a single direction. The current tflow control elements (74) and the or each energy storage device (76) combine to selectively provide
a voltage source to synthesise an AC voltage (Vac) at the third terminal (54). The DC to DC converter assembly (30; 130; 140; 150;
160; 170) also includes a rectifier
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(92; 142) that is electrically connected to the third terminal (54) of the inverter (32; 152) by a first link (98) and is connectable in
use to a second high voltage DC power transmission network (18). The rectifier (92; 142) is configured to convert the AC voltage
(Vac) conveyed by the first link (98) into a second DC voltage (V) for supply to the second high voltage DC power transmission
network (18).
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A DC TO DC CONVERTER ASSEMBLY

This invention relates to a DC to DC converter assembly, and in
particular a DC to DC converter assembly for connecting first and second high
voltage DC power transmission networks.

With the increasing prevalence of renewable energy generators,
such as off-shore wind, there is a growing need to transmit direct current (DC)
electrical power from one high voltage DC power transmission network to another
high voltage DC power transmission network.

Such transmission between high voltage DC networks can be
achieved through the provision of first and second conventional voltage converters
10, 12 which are interconnected by a high power transformer 14, as shown in
Figure 1.

In a first mode of operation the first voltage converter 10
converts an incoming DC voltage from a first high voltage DC network 16 into an
alternating voltage which the transformer 14 increases or decreases to allow
conversion by the second voltage converter 12 to a desired outgoing DC voltage,
as required in a second high voltage DC network 18.

In a second mode of operation the second voltage converter 12
converts an incoming DC voltage from the second high voltage DC network 18
into an alternating voltage which the transformer 14 increases or decreases to
allow conversion by the first voltage converter 10 to a desired outgoing DC
voltage, as required in the first high voltage DC network 16.

Such first and second conventional voltage converters 10, 12
provide a wide range of functionality and so are deployable in a large number of
DC power transmission scenarios. However, they require two fully rated power
electronic converters, i.e. conventional voltage converters 10, 12, and an
intermediate transformer 14, meaning they tend to be large, heavy, and expensive.

There is, therefore, a need for a small, lightweight, inexpensive,
and reliable means of connecting first and second high voltage DC power

transmission networks.
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According to an aspect of the invention there is provided a DC to
DC converter assembly, for connecting first and second high voltage DC power
transmission networks, comprising:

an inverter having first and second terminals connectable in
use to a first high voltage DC power transmission network, the inverter being
defined by a modular multilevel converter including a first inverter limb extending
between the first and second terminals and having first and second inverter limb
portions separated by a third terminal, each inverter limb portion including at least
one rationalised module having first and second sets of series-connected current
flow control elements connected in parallel with at least one energy storage device,
each set of current flow control elements including an active switching element to
selectively direct current through the energy storage device and a passive current
check element to limit current flow through the rationalised module to a single
direction, the current flow control elements and the or each energy storage device
combining to selectively provide a voltage source to synthesise an AC voltage at
the third terminal; and

a rectifier electrically connected to the third terminal of the
inverter by a first link and connectable in use to a second high voltage DC power
transmission network, the rectifier being configured to convert the AC voltage
conveyed by the first link into a second DC voltage for supply to the second high
voltage DC power transmission network.

The inclusion of a passive current check element in each set of
current flow control elements reduces considerably the number of active elements,
i.e. elements which are operable to change between different operating
configurations, in the DC to DC converter assembly while allowing the remaining
active switching element to continue selectively directing current through the or
each corresponding energy storage device in order to provide the necessary voltage
source to synthesise the AC voltage, and hence permit the transfer of power from
the first high voltage DC power transmission network to the second high voltage

DC power transmission network.
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Such passive current check elements are lighter, smaller, and
simpler than active elements, and hence less expensive and more reliable too. The
resulting DC to DC converter assembly is therefore able to provide a small,
lightweight, inexpensive, and reliable means of connecting the first and second
high voltage DC power transmission networks.

Preferably the inverter includes a second inverter limb extending
between the first and second terminals, the second inverter limb having third and
fourth inverter limb portions separated by a fourth terminal electrically connected
to the rectifier by a second link, each of the third and fourth inverter limb portions
including at least one rationalised module or each of the third and fourth inverter
limb portions including a voltage storage element.

Such an arrangement increases the flexibility with which the
converter assembly is able to transfer power from the first high voltage DC power
transmission network to the second high voltage DC power transmission network
via the said first and second links.

The inclusion of at least one rationalised module in each of the
third and fourth inverter limb portions provides for a wide range of differing ratios
between the incoming first DC voltage and the outgoing second DC voltage, while
the inclusion of a voltage storage element in each of the third and fourth inverter
limb portions simplifies still further the component structure of the converter
assembly leading to additional size, weight and cost savings.

Optionally the inverter includes a third inverter limb extending
between the first and second terminals, the third inverter limb having fifth and
sixth inverter limb portions separated by a fifth terminal electrically connected to
the rectifier by a third link, each of the fifth and sixth inverter limb portions
including at least one rationalised module or each of the fifth and sixth inverter
limb portions including a voltage storage element.

Such an arrangement further increases the flexibility with which
the converter assembly is able to transfer power from the first high voltage DC
power transmission network to the second high voltage DC power transmission

network via the said first, second and third links. For example, the inclusion of



WO 2013/017177 PCT/EP2011/064545

10

15

20

25

30

first, second and third inverter limbs allows the converter assembly of the
invention to handle 3-phase power transmission.

The inclusion of at least one rationalised module in each of the
fifth and sixth inverter limb portions provides for a wide range of differing ratios
between the incoming first DC voltage and the outgoing second DC voltage, while
the inclusion of a voltage storage element in each of the third and fourth inverter
limb portions simplifies still further the component structure of the converter
assembly leading to additional size, weight and cost savings.

The rectifier may include one or more rectifier limbs, the or each
rectifier limb corresponding to a respective inverter limb and including
corresponding rectifier limb portions, the rectifier limb portions in a respective
rectifier limb including at least one rationalised module and/or a passive current
check element.

The inclusion of one or more rectifier limbs provides desirable
conversion of the AC voltage conveyed by a respective link into a desired level of
second DC voltage for supply to the second high voltage DC power transmission
network.

In addition, the inclusion of at least one rationalised module in
one or more rectifier limbs allows the converter assembly to vary the magnitude
ratio of an AC voltage conveyed by a respective link and the second DC voltage
supplied to the second power transmission network, while the inclusion of a
passive current check element in one or more rectifier limbs leads the given
rectifier limb to have a simplified component structure.

In a preferred embodiment of the invention the or at least one
rationalised module includes first and second sets of series-connected current flow
control elements connected in parallel with the respective energy storage device in
a full-bridge arrangement to define a 2-quadrant bipolar rationalised module that
can provide zero, positive or negative voltage while conducting current in a single
direction.

Such an arrangement allows the at least one module to contribute

towards either a voltage magnitude increase or a voltage magnitude decrease
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across the inverter or rectifier in which it is located, while permitting the transfer
of power from the first high voltage DC network to the second high voltage DC
network.

Optionally the switching element in each set of current flow
control elements includes an anti-parallel diode connected in parallel therewith.

Preferably each anti-parallel diode is configured to, in use,
inhibit the flow of current through the inverter or rectifier in which it is located
from the high voltage DC power transmission network the corresponding inverter
or rectifier is in use connected with to the high voltage DC power transmission
network in which a fault has occurred.

The inclusion of such anti-parallel diodes allows the converter
assembly of the invention to handle a fault in one of the first or second high
voltage DC power transmission networks and prevent its propagation to the other
network. This is highly desirable because it allows the connection of two existing
high voltage DC power networks without the need to increase the fault level in
either network. As such, existing cables, transmission lines, and protection
equipment can continue to be used without the need to upgrade their capability to
accommodate an increased fault current that might otherwise flow from the newly
connected network.

The or each link may electrically connect the rectifier directly
with the corresponding terminal of the inverter.

Such an arrangement simplifies still further the component
structure of the converter assembly, and so reduces further the size, weight, and
cost of the converter assembly.

In a further preferred embodiment of the invention the or each
link electrically connects the rectifier with the corresponding terminal of the
inverter via a power transformer.

The inclusion of a power transformer within the or each link
provides for a greater range of voltage magnitude ratios between the first and

second DC voltages.
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The inverter may include a controller configured to switch the or
each switching element in the rationalised modules of at least one inverter limb at
a high frequency to generate a high frequency AC voltage at the corresponding
terminal lying between the inverter limb portions of the said at least one inverter
limb.

The generation of a high frequency AC voltage at the terminal of
the or each inverter limb provides the opportunity of reducing the size and weight
of any power transformer lying within the or each corresponding link between the
inverter and rectifier.

Optionally the inverter includes a controller configured to switch
the or each switching element in the rationalised modules of at least one inverter
limb at a low frequency to generate a low frequency AC voltage at the
corresponding terminal lying between the inverter limb portions of the said at least
one inverter limb.

Operating the AC voltage conveyed by the or each link between
the inverter and rectifier allows the converter assembly to accommodate the use of
a conventional high power transformer within the or each said link.

Preferably the inverter includes a controller configured to switch
the inverter limb portions of at least one inverter limb into simultaneous
conduction to divert a portion of current flowing within the inverter away from the
corresponding link electrically connected with the said at least one inverter limb.

The ability to divert a portion of current flowing within the
inverter away from one or more links means that it is possible also to vary the
magnitude of current flowing through the or each said link, and hence the
magnitude of current flowing from the inverter to the rectifier.

The combined ability to vary the magnitude of both the current
and the voltage transmitted by the or each link from the inverter to the rectifier
allows the converter assembly of the invention to maintain a power balance
between the inverter and the rectifier, and so avoids the need to include a high

power transformer between the inverter and rectifier. Such a converter assembly is,
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therefore, smaller, lighter and less expensive than a converter assembly including
such a power transformer.

There now follows a brief description of preferred embodiments
of the invention, by way of non-limiting examples, with reference to the
accompanying drawings in which:

Figure 1 shows a conventional DC to DC connection scheme;

Figure 2 shows a DC to DC converter assembly according to a first
embodiment of the invention;

Figures 3(a) to (c) show a rationalised module which forms part of the DC
to DC converter assembly shown in Figure 2 in each of three operating
configurations;

Figure 4 illustrates the fault response of the converter assembly shown in
Figure 2;

Figure 5 shows a DC to DC converter assembly according to a second
embodiment of the invention;

Figure 6 shows a DC to DC converter assembly according to a third
embodiment of the invention;

Figure 7 shows a DC to DC converter assembly according to a fourth
embodiment of the invention;

Figures 8(a) and 8(b) illustrate the functioning of the DC to DC converter
shown in Figure 7;

Figure 9 shows a DC to DC converter assembly according to a fifth
embodiment of the invention; and

Figure 10 shows a DC to DC converter assembly according to a sixth
embodiment of the invention.

A DC to DC converter assembly according to a first embodiment
of the invention is designated generally by the reference numeral 30, as shown in
Figure 2.

The DC to DC converter assembly includes an inverter 32 which
has first and second terminals 34, 36 that are connectable in use to a first high

voltage DC power transmission network 16.
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The inverter 32 is defined by a modular multilevel converter 38
which, in the embodiment shown, includes first, second and third inverter limbs
40, 42, 44 each of which extends between the first and second terminals 34, 36. A
first voltage storage device 46, e.g. a first capacitor 48, also extends between the
first and second terminals 34, 36 to provide a path for alternating current ripple
and to stabilise a first DC voltage V; from a first high voltage DC network 16
presented to the inverter 32.

The first inverter limb 40 includes first and second inverter limb
portions 50, 52 that are separated by a third terminal 54, while the second inverter
limb 42 includes third and fourth inverter limb portions 56, 58 separated by a
fourth terminal 60, and the third inverter limb 44 includes fifth and sixth inverter
limb portions 62, 64 which are separated by a fifth terminal 66.

Each inverter limb portion 50, 52, 56, 58, 62, 64 includes two
rationalised modules 68 connected in series with one another. Other embodiments
of the invention may include fewer than or, more preferably, greater than two
rationalised modules in each inverter limb portion 50, 52, 56, 58, 62, 64.

Each rationalised module 68 includes first and second sets 70, 72
of series-connected current flow control elements 74 that are connected in parallel
with an energy storage device 76 in a full-bridge arrangement which defines a 2-
quadrant bipolar rationalised module that can provide zero, positive and negative
voltage.

In the embodiment shown the energy storage device 76 is a
second capacitor 78 although other energy storage devices, such as fuel cells,
photovoltaic cells, and batteries are also possible.

Each set 70, 72 of current flow control elements 74 includes a
first active switching element 80 and a passive current check element 82, as shown
more clearly in Figures 3(a) to 3(c).

The first active switching elements 80 selectively direct current
through the energy storage device 76, i.e. the second capacitor 78, so as to provide
a desired zero, positive or negative voltage, as illustrated schematically in Figures

3(a), 3(b), and 3(c) respectively. In the embodiment shown each first active
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switching element 80 is constituted by a semiconductor device in the form of an
Insulated Gate Bipolar Transistor (IGBT) 84. Each first active switching element
80 also includes an anti-parallel diode 86 connected in parallel therewith.

In other embodiments of the invention (not shown) each first
active switching element 80 may be a different semiconductor device such as a
gate turn-off thyristor, a field effect transistor (FET), an insulated gate commutated
thyristor, or an integrated gate commutated thyristor.

Meanwhile the passive current check elements 82 limit the
current flow through the rationalised module 68 to a single direction, such that
each rationalised module 68 conducts current in only one direction which, in the
embodiment shown, is from the first high voltage DC power transmission network
16 to the respective third, fourth or fifth terminals 54, 60, 66. Each passive current
check element 82 is a first diode 88.

Each inverter limb portion 50, 52, 56, 58, 62, 64 additionally
includes a second active switching element 90 to selectively switch each inverter
limb portion 50, 52, 56, 58, 62, 64 into circuit as needed for desired operation of
the inverter 32.

The DC to DC converter assembly 30 also includes a rectifier 92
that has sixth and seventh terminals 94, 96 which are connectable in use to a
second high voltage DC power transmission network 18.

The rectifier 92 is connected to each of the third, fourth, and fifth
terminals 54, 60, 66 of the inverter 32 by respective first, second, and third links
98, 100, 102. Each link 98, 100, 102 interconnects the inverter 32 and the rectifier
92 via a high power transformer 104.

More particularly, the rectifier 92 includes first, second and third
rectifier limbs 106, 108, 110 which correspond to the first, second and third
inverter limbs 40, 42, 44, respectively. Each rectifier limb 106, 108, 110 includes
first and second rectifier limb portions 112a, 114a, 112b, 114b, 112¢, 114c which
are separated by an eighth terminal 116a, 116b, 116¢, and each eighth terminal
116a, 116b, 116¢ is connected by a corresponding first, second or third link 98,
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100, 102 to the corresponding third, fourth and fifth terminal 54, 60, 66 of the
inverter 32.

In the embodiment shown each rectifier limb portion 112a, 114a,
112b, 114b, 112¢, 114c¢ includes two series-connected rationalised modules 68 as
described hereinabove. Other embodiments of the invention (not shown) may
include fewer than or greater than two rationalised modules 68 in each rectifier
limb portion 112a, 114a, 112b, 114b, 112¢, 114c.

Each rectifier limb portion 112a, 114a, 112b, 114b, 112¢c, 114c
also includes a passive current check element 82 in the form of a second diode 118
to provide a proportion of the off-state duty when the associated rectifier limb 106,
108, 110 is not conducting.

The rectifier 92 also includes a further voltage storage device 46
in the form of a first capacitor 48 connected between the sixth and seventh
terminals 94, 96 to provide a path for alternating current ripple and to stabilise a
second DC voltage V, of a second high voltage DC network 18.

The DC to DC converter assembly 30 also includes a controller
(not shown) to switch the rationalised modules 68 at a desired high frequency, i.e.
greater than 500Hz, or a desired low frequency, e.g. around 50 to 60Hz.

In use the converter assembly 30 functions as follows.

A first DC voltage V; is presented to the first and second
terminals 34, 36 of the inverter 32 by the first high voltage DC power transmission
network 16.

The inverter 32 selectively switches the 2-quadrant bipolar
rationalised modules 68 in the first inverter limb 40 thereof to add and subtract
voltage steps, i.e. “push up” and “pull down”, the first DC voltage V; to synthesise
a first alternating voltage phase component Vac; at the third terminal 54 of the
inverter 32.

The synthesised voltage phase component Vuac; has a
substantially sinusoidal waveform, although in other embodiments the shape of the

waveform may be different, e.g. tending towards a square waveform.
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In this manner the inverter 32 controls the ratio of the magnitude
of the first DC voltage V; and the magnitude of the first alternating voltage phase
component Vaci, i.e. controls the magnitude ratio of the first DC voltage V; and
the alternating voltage phase component Vaci.

In the foregoing manner the inverter 32 synthesises a first phase
of an alternating voltage Vac which is conducted by the first link 98, via the high
power transformer 104, from the inverter 32 to the rectifier 92.

In this regard it is noted that power is commonly transmitted in
3-phase networks by sinusoidal voltages and currents that are displaced by 120
electrical degrees. Each phase distributes power pulsating with a 2™ harmonic
component but when the three phases are combined, the sum is steady because the
2" harmonic components cancel.

In a similar manner to that mentioned above in relation to the
first inverter limb 40, the inverter 32 switches the rationalised modules 68 in the
second and third inverter limbs 42, 44 to synthesise respective alternating voltage
phase components Vacz, Vacs at the fourth and fifth terminals 60, 66 thereof.

The second and third links 100, 102 conduct the corresponding
alternating voltage phase component Vaca, Vacs to the rectifier 92 via the power
transformer 104.

The magnitude of current transferred from the first high voltage
DC power transmission network 16 to the second high voltage DC power
transmission network 18, via the respective first, second and third links 98, 100,
102, varies in accordance with the transformer turns ratio.

The high power transformer 104 therefore acts to step up or step
down the respective alternating voltage phase components Vaci Vacz, Vacs
generated at each of the third, fourth and fifth terminals 54, 60, 66, so as to
maintain a balance in the power transferred from the first high voltage DC power
transmission network 16 to the second high voltage DC power transmission
network 18.

The rectifier 92 selectively switches the 2-quadrant bipolar
rationalised modules 68 in the first, second and third rectifier limbs 106, 108, 110



12

WO 2013/017177 PCT/EP2011/064545

10

15

20

25

30

thereof to add and subtract voltage steps from a second DC voltage V, of the
second high voltage DC network 18 (which appears across the sixth and seventh
terminals 94, 96 of the rectifier 92) to produce alternating voltage phase
components Vaci, Vaca, Vacs that appear at a rectifier side, i.e. a high voltage side
in the embodiment shown, of the power transformer 104.

A small phase angle difference is introduced between the
alternating voltage components Vaci, Vacz, Vacs on the high voltage side of the
power transformer 104 and the alternating voltage components Vaci, Vac2, Vacszon
the inverter side, i.e. the low voltage side, of the power transformer 104 to cause
power to flow from the inverter 32 to the rectifier 92.

The rationalised modules 68 of both the inverter 32 and the
rectifier 92 can change the magnitude of the alternating voltage Vac on either side
of the transformer 104 and so provide a further method of varying the ratio of first
and second DC voltages V, V,between the first and second networks 16, 18.

In use the converter assembly 30 is able also to respond to and
isolate a fault that may occur in either of the first or second high voltage DC power
transmission networks 16, 18.

For example, if a fault occurs in the second network 18, as
illustrated schematically in Figure 4, the voltage across each of the first, second
and third links 98, 100, 102 between the inverter 32 and the rectifier 92 collapses
to zero (i.e. there is a symmetrical 3-phase short circuit at the links 98, 100, 102
which is coupled through by the anti-parallel diodes 86 within the rectifier 92).

With collapsed links 98, 100, 102 the anti-parallel diodes 86 in
the inverter 32 become reverse biased because the first DC voltage V; is higher
than the (zero) alternating voltage V ac at the links 98, 100, 102.

As a result current cannot pass from the first network 16 to either
the links 98, 100, 102 or the second network 18.

The converter assembly 30 therefore prevents the propagation of
a fault from one DC network to another. The converter assembly 30 is able to
provide such fault blocking even when the rationalised modules 68 in each of the

inverter 32 and the rectifier 92 include half-bridge switching arrangements.
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A DC to DC converter assembly 130 according to a second
embodiment of the invention is shown in Figure 5 and is similar to the first
converter assembly 30 shown in Figure 2. As such like features share the same
reference numerals.

However, the second converter assembly 130 differs from the
first converter assembly 30 in that each of the first, second and third links 98, 100,
102 electrically connects the rectifier 92 directly with the inverter 32, i.e. each of
the third, fourth and fifth terminals 54, 60, 66 of the inverter 32 is connected
directly to a corresponding eighth terminal 116a, 116b, 116¢ of the rectifier 92 by
a respective first, second or third link 98, 100, 102.

In addition, the controller (not shown) associated with the
inverter 32 in the second converter assembly 130 is configured to switch the
respective inverter limb portions 50, 52, 56, 58, 62, 64 of each inverter limb 40,
42, 44 into simultaneous conduction to divert a portion of current Iy flowing
within the inverter 32 away from the corresponding link 98, 100, 102 which is
electrically connected to the given inverter limb 40, 42, 44.

In particular the controller is configured to:

(a) switch the first and second limb portions 50, 52 of the first inverter
limb 40 of into simultaneous conduction to divert a current portion Ipry; of the
current Iiyy flowing within the invereter 32 away from the first link 98, such that a
current portion Ipnk; flows through the first link 98 (where Ipivki < Iivv);

(b) switch the third and fourth limb portions 56, 58 of the second
inverter limb 42 into simultaneous conduction to divert a current portion Ippy, of
the current Iy flowing within the inverter 32 away from the second link 100, such
that a current portion Ik flows through the second link 100 (where Ipnkz <
Iivv); and

(c) switch the fifth and sixth limb portions 62, 64 of the third converter
limb 44 into simultaneous conduction to divert a current portion Ippyz of the
current Iy flowing within the inverter 32 away from the third link 102, such that a

current portion Iy nk3 flows through the first link 102 (where Ipmks < Iivy).
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The second converter assembly 130 functions in a similar
manner to the first converter assembly 30 in terms of the inverter 32 adding and
subtracting voltage steps to a first DC voltage V; to synthesise various alternating
voltage phase components Vaci, Vacz, Vacs which are synthesised by the rectifier
92 into a second DC voltage V..

However, the second converter assembly 130 differs in that the
controller switches the respective inverter limb portions 50, 52, 56, 58, 62, 64 in
each inverter limb 40, 42, 44 into simultaneous conduction to divert a respective
current portion Iprvi, Iprve, Ipryvs, of a first DC current Iyy flowing around the
inverter 32, away from the corresponding link 98, 100, 102, such that a reduced
amount of current Iynki, Iuvk2, Innks flows through each link 98, 100, 102 to the
rectifier.

Although not shown for reasons of clarity, each inverter limb
portion 50, 52, 56, 58, 62, 64 may include an inductance to assist in controlling the
diversion current Iprvi, Iprv2, Iprvs when the inverter limb portions 50, 52, 56, 58,
62, 64 are brought into simultaneous conduction.

An inductance may also be included in each of the first, second
and third links 98, 100, 102 to facilitate control of the power flow from the inverter
32 to the rectifier 92.

The reduced amount of current Iynki, Iuvke, Iunks entering the
rectifier 92 is synthesised by the rectifier 92 into a second DC current Irgc which is
lower than the first DC current Iny.

The difference between the first and second DC currents Iy,
Irec allows the second converter assembly 130 to maintain a balance between the
input power, i.e. Iizv X V1, and the output power, i.e. Irec X V2, and so avoids the
need for a high power transformer between the inverter 32 and rectifier 92, thus
saving further size, weight and cost in the second converter assembly 130.

A DC to DC converter assembly 140 according to a third
embodiment of the invention is illustrated schematically in Figure 6.

The third DC to DC converter assembly 140 is similar to the first

DC to DC converter assembly 140 and like features share the same reference
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numerals. In particular the inverter 32 in the third DC to DC converter is identical
to the inverter 32 of the first converter assembly 30.

However, the third converter assembly 140 includes a second
rectifier 142 which differs from the rectifier 92 in the first converter assembly 30.

More particularly, each of the rectifier limb portions 112a, 114a,
112b, 114b, 112c¢c, 114c in the rectifier limbs 106, 108, 110 of the second rectifier
142 includes only a passive current check element 82 in the form of a second diode
118, i.e. each rectifier limb portion 112a, 114a, 112b, 114b, 112¢, 114c omits a
rationalised module 68. Such an arrangement saves further size, weight and cost in
the third converter assembly 140.

In use the inverter 32 and high power transformer 104 of the
third converter assembly 140 function in essentially the same manner as in the first
converter assembly 30.

The second diodes 118 in the second rectifier 142 are configured
as a standard three-phase diode rectifier without the alternating voltage wave-
shaping functionality provided by the rationalised modules 68 included in the
inverter 32. In this manner, the second rectifier 142 converts alternating voltage
Vac at the transformer 104 into a second DC voltage V,.

During such operation the respective alternating current Iy jng and
direct current Igrgc on either side of the transformer 104 will contain some
harmonic distortion but this is normal with such simple rectifier arrangements and
perfectly acceptable for many power transmission applications, particularly if the
alternating voltage Vac is high frequency (e.g. S00Hz).

A DC to DC converter assembly according to a fourth
embodiment of the invention is designated generally by the reference numeral 150,
as shown in Figure 7.

The fourth converter assembly 150 is similar to the third
converter assembly 140 and like features are identified with the same reference

numerals.
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The fourth converter assembly 150 includes a second inverter
152 which differs from the first inverter 32 in each of the aforementioned
converter assemblies 30; 130; 140.

The second inverter 152 includes first and second inverter limbs
40, 42 which are configured with inverter limb portions 50, 52, 56, 58 and
rationalised modules 68 as described hereinabove in relation to the first, second
and third converter assemblies 30; 130; 140.

The third inverter limb 44 of the second inverter 152 differs
however in that each of the fifth and sixth inverter limb portions 62, 64 includes a
voltage storage device 46 in the form of a passive third capacitor 154.

In use, the second inverter 152 operates a two-phase switching
regime to form a balanced three-phase alternating voltage Vac from two active
voltage sources provided by the first and second inverter limbs 40, 42, and a third
reference voltage.

In particular, each of the first and second inverter limbs 40, 42 of
the second inverter 152 operate in the same manner as described above to
synthesise a respective alternating voltage phase component Vaci. Vacz at the third
and fourth terminals 54, 60 thereof.

Meanwhile the fifth terminal 66 lying between respective passive
third capacitors 154 is at a reference voltage potential Vrgr, €.g. zero volts. Indeed,
in some other embodiments of the invention the fifth terminal 66 may be
connected to earth.

The second inverter 152 produces first and second voltage
vectors Vygci, Vvec relative to the reference voltage Vggr that are 60° apart, as
illustrated schematically in Figure 8(a).

The voltage between each of the first, second and third links 98,
100, 102 is, however, of equal magnitude and 120 electrical degrees apart, as
shown in Figure 8(b). This is because the transformer is, for example, one having a
star connected primary winding fed by Vvgci, Vvecz and Vrer and a neutral point

experiencing a neutral voltage Vngu.
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Figure 9 shows a DC to DC converter assembly 160 according to
a fifth embodiment of the invention.

The fifth converter assembly 160 is similar to the third converter
assembly 140 shown in Figure 6 but differs in that the inverter 32 includes only
first and second inverter limbs 40, 42 and the second rectifier 142 includes only
first and second rectifier limbs 106, 108. In a similar manner the fifth converter
assembly 160 includes only first and second links 98, 100 between the said
inverter 32 and rectifier 142.

As such the fifth converter assembly 160 functions in exactly the
same manner as the third converter assembly 140 except that it handles only first
and second alternating voltage phase components Vc1, Vaca.

A further DC to DC converter assembly 170 according to a sixth
embodiment of the invention is shown in Figure 10.

The sixth converter assembly 170 is similar to the fifth converter
assembly 160 in that each of a third inverter 172 and the second rectifier 142
include only first and second limbs 40, 42, 106, 108.

The third inverter 172 is similar to the second inverter 152 of the
fourth converter assembly 150. In particular the third inverter 172 includes a first
inverter limb 40 which is configured with inverter limb portions 50, 52 and
rationalised modules 68 as described hereinabove.

The second inverter limb 42 of the third inverter 172 differs
however in that each of the third and fourth inverter limb portions 56, 58 includes
a voltage storage device 46 in the form of a passive third capacitor 154.

In use, the first inverter limb 40 of the third inverter 172 operates
in the same manner as described above to synthesise an alternating voltage phase
component Vac;, at the third terminal 54 thereof.

The passive third capacitors 154 in the second inverter limb 42
provide a reference voltage point, e.g. zero voltage, to the transformer 104 via the
second link 100. The first link 98 experiences a positive voltage when the
rationalised modules 68 in the first inverter limb portion 50 are switched into

circuit. Similarly the first link 98 experiences a negative voltage when the
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rationalised modules 68 in the second inverter limb portion 52 are switched into
circuit.

The transformer 104 therefore experiences an alternating
bidirectional voltage waveform V¢ between the first and second links 98, 100.
For practical high power applications, a large number of rationalised modules 68
in the first inverter limb 40 means the transformer voltage 104 can follow
sinusoidal or, if preferred, more complex waveforms.

The second diodes 118 in the second rectifier 142 are configured
as a standard single-phase diode rectifier without the alternating voltage wave-
shaping functionality provided by the rationalised modules 68 included in the
second inverter 172. In this manner the second rectifier 142 converts the
alternating voltage Vac at the transformer 104 into a second DC voltage V; with
the current on the AC and DC sides for the second rectifier 142 again containing

some harmonic distortion, as is normal with such simple rectifier arrangements.
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CLAIMS

1. A DC to DC converter assembly, for connecting first and
second high voltage DC power transmission networks, comprising:
an inverter having first and second terminals connectable in use to a first
high voltage DC power transmission network, the inverter being defined by a
modular multilevel converter including a first inverter limb extending between the
first and second terminals and having first and second inverter limb portions
separated by a third terminal, each inverter limb portion including at least one
rationalised module having first and second sets of series-connected current flow
control elements connected in parallel with at least one energy storage device, each
set of current flow control elements including an active switching element to
selectively direct current through the energy storage device and a passive current
check element to limit current flow through the rationalised module to a single
direction, the current flow control elements and the or each energy storage device
combining to selectively provide a voltage source to synthesise an AC voltage at
the third terminal; and
a rectifier electrically connected to the third terminal of the inverter by a
first link and connectable in use to a second high voltage DC power transmission
network, the rectifier being configured to convert the AC voltage conveyed by the
first link into a second DC voltage for supply to the second high voltage DC power

transmission network.

2. A DC to DC converter assembly according to Claim 1
wherein the inverter includes a second inverter limb extending between the first
and second terminals, the second inverter limb having third and fourth inverter
limb portions separated by a fourth terminal electrically connected to the rectifier
by a second link, each of the third and fourth inverter limb portions including at
least one rationalised module or each of the third and fourth inverter limb portions

including a voltage storage element.
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3. A DC to DC converter assembly according to Claim 2
wherein the inverter includes a third inverter limb extending between the first and
second terminals, the third inverter limb having fifth and sixth inverter limb
portions separated by a fifth terminal electrically connected to the rectifier by a
third link, each of the fifth and sixth inverter limb portions including at least one
rationalised module or each of the fifth and sixth inverter limb portions including a

voltage storage element.

4. A DC to DC converter assembly according to any of Claims
1 to 3 wherein the rectifier includes one or more rectifier limbs, the or each
rectifier limb corresponding to a respective inverter limb and including
corresponding rectifier limb portions, the rectifier limb portions in a respective
rectifier limb including at least one rationalised module and/or a passive current

check element.

5. A DC to DC converter assembly according to any preceding
claim wherein the first and second sets of series-connected current flow control
elements are connected in parallel with the respective energy storage device in a
full-bridge arrangement to define a 2-quadrant bipolar rationalised module that can
provide zero, positive or negative voltage while conducting current in a single

direction.

6. A DC to DC converter assembly according to any preceding
claim wherein the active switching element in each set of current flow control

elements includes an anti-parallel diode connected in parallel therewith.

7. A DC to DC converter assembly according to Claim 6
wherein each anti-parallel diode is configured to, in use, inhibit the flow of current
through the inverter or rectifier in which it is located from the high voltage DC

power transmission network the corresponding inverter or rectifier is in use
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connected with to the high voltage DC power transmission network in which a

fault has occurred.

8. A DC to DC converter assembly according to any preceding
claim wherein the or each link electrically connects the rectifier directly with the

corresponding terminal of the inverter.

9. A DC to DC converter assembly according to any of Claims
1 to 7 wherein the or each link electrically connects the rectifier with the

corresponding terminal of the inverter via a power transformer.

10. A DC to DC converter assembly according to any preceding
claim wherein the inverter includes a controller configured to switch the or each
switching element in the rationalised modules of at least one inverter limb at a
high frequency to generate a high frequency AC voltage at the corresponding
terminal lying between the inverter limb portions of the said at least one inverter

limb.

11. A DC to DC converter assembly according to any of Claims
1 to 9 wherein the inverter includes a controller configured to switch the or each
switching element in the rationalised modules of at least one inverter limb at a low
frequency to generate a low frequency AC voltage at the corresponding terminal

lying between the inverter limb portions of the said at least one inverter limb.

12. A DC to DC converter assembly according to any preceding
claim wherein the inverter includes a controller configured to switch the inverter
limb portions of at least one inverter limb into simultaneous conduction to divert a
portion of current flowing within the inverter away from the corresponding link

electrically connected with the said at least one inverter limb.
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