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first and second primary terminals (24, 26) for connection to one or
more electrical networks (30; 52). The primary charge transter con-
verter (22) also includes a plurality of charge transfer elements (32a,
32b, 32¢, 32d) and a plurality of primary switching elements (34a,
34b, 34c, 34d) which are connected in a cascade circuit between the
first and second primary terminals (24, 26). Each charge transter ele-
ment (32a, 32b, 32¢, 32d) includes at least one resonant circuit. The
primary switching elements (34a, 34b, 34c, 34d) are operable to se-
lectively cause charging and discharging of each resonant circuit to
transfer charge between the charge transter elements (32a, 32b, 32c¢,
32d) and thereby create a voltage difference between the first and
second primary terminals (24, 26).
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HIGH VOLTAGE DC/DC CONVERTER WITH CASCADED RESONANT TANKS

This invention relates to a converter for
use in high voltage direct current (DC) and alternating
current power transmission.

Power transmission networks typically
include interconnected electrical networks operating at
different voltages. The variation 1in these operating
voltages arises as a result of many factors including
the size and locality of the individual electrical
network, the local power requirements and so on.

In high voltage direct current (HVDC) power
transmission networks, alternating current power 1is
generated by the generator plant at a low voltage level
in the range of a few kV before being stepped up in a
collector station to a higher wvoltage 1level in the
range of a few hundred kV and then converted to direct
current power for transmission wvia 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 kilometre of the 1lines and/or
cables. Conversion from AC to DC thus becomes cost-
effective when power needs to be transmitted over a
long distance.

DC transmission and distribution networks
are needed to support the emergence of HVDC power
transmission. However, interconnecting the DC
transmission and distribution networks to form a DC

power grid is difficult because different DC networks
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may operate at different voltage levels depending on
various factors as outlined above.

In order to interconnect power networks
operating at different voltage levels, it 1is necessary
to employ devices that are capable of performing a
voltage step-up/step-down operation.

An example of such a device is a
transformer. Transformers conventionally used in
distribution, industrial and power applications
typically include primary and secondary windings which
are linked to separate power networks. Electrical power
is transferred from the ©primary winding to the
secondary winding by wvarying the current in the primary
winding, and thereby creating a varying magnetic flux
in the transformer. This change in magnetic flux leads
to an induction of voltage in the secondary winding and
thereby a transfer of electrical power between the
separate power networks. As such, transformers are
suitable for interconnecting separate AC networks.
Transformers can also be employed in DC to DC voltage
conversion, which involves conversion of a DC voltage
to an AC voltage to enable the use of a transformer and
converting the stepped-up/stepped-down AC voltage back
to DC voltage.

Transformers used in high voltage
applications however tend to be bulky and heavy. This
not only adds to the overall size and weight of the
power converter and power station, but also leads to
increased costs associated with transport of the

transformers to the site of the power station.
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Other examples of devices that are capable
of performing a voltage step-up/step-down operation are
buck converters and boost converters. These DC to DC
converters are forms of switched mode power supplies
that rely on the use of switches and passive elements
to control the transfer of power between DC networks.
The voltage step-up/step-down capability of these DC to
DC converters can be regulated to a desired level by
controlling the duty cycle of the switches. In general,
the structure of each of the buck and boost converters
leads to inefficient transfer of power between the DC
networks.

In addition, the flow of current 1in the
buck and boost converters i1s such that their switches
are required to be rated so as to be compatible with
both high wvoltage, low current and low voltage, high
current DC networks.

Similarly, AC to DC and DC to DC wvoltage
conversion schemes, which employ the use of
transformers, also require switches which are capable
of supporting the entire power load during voltage
conversion.

Consequently the switches must be designed
to have both high voltage and high current ratings,
which leads to an increase in hardware size, weight and
cost.

According to a first aspect of the
invention, there is provided a converter for use 1in
high voltage direct and alternating current power
transmission, the converter comprising a primary charge

transfer converter, including first and second primary
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terminals for connection to one or more electrical
networks, a plurality of charge transfer elements and a
plurality of primary switching elements connected in a
cascade circuit between the first and second primary
terminals, each charge transfer element including at
least one resonant c¢ircuit, the ©primary switching
elements being operable to selectively cause charging
and discharging of each resonant circuit to transfer
charge between the charge transfer elements and thereby
create a voltage difference Dbetween the first and
second primary terminals

The provision of resonant circuits 1in the
charge transfer converter allows power to be
transferred Dbetween the first and second primary
terminals of the charge transfer. Such transfer takes
place by commutation of the primary switching elements
which can occur at near zero current so as to minimise
switching losses. The converter of the invention 1is
therefore very efficient.

Additionally, during operation of the
converter, a significant portion of the overall current
flowing 1in the converter flows directly Dbetween the
charge transfer elements rather than via the primary
switching elements. Consequently each primary switching
element only carries a small portion of the overall
current flowing within the converter, which means that
it 1s possible to use primary switching elements with
lower power ratings. This 1leads to a decrease 1in
hardware costs and in the ©physical size of the

converter.
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The wuse o0of a cascade circuit in the
converter permits the interconnection of electrical
networks having different voltage levels and thereby
removes the need for large and bulky transformers to
step up or step down the operating voltage. This in
turn leads to a reduction in converter size, weight and
cost, which is beneficial for locations having
restrictions on converter size and weight such as, for
example, offshore power stations.

The modular nature of the cascade circuit
means that it is relatively straightforward to increase
or decrease the number of charge transfer elements and
primary switching elements. As such, the converter to
the invention can be easily modified to suit the
requirements of the associated power application, such
as station footprint size or required voltage operating
range.

Preferably, the Jjunction between adjacent
primary switching elements defines a secondary
terminal.

The provision of one or more secondary
terminals permits the converter to be simultaneously
connected to multiple power networks having different
voltage levels and also provides flexibility of being
connectable to a wide range of voltages without having
to modify the design and structure of the converter.

Optionally, the or at least one resonant
circuit of each charge transfer element includes at
least one inductor connected in series with at least

one capacitor.
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At least one charge transfer element may
include a plurality of parallel-connected resonant
circuits.

Such features allow the structure of each
charge transfer element to be varied depending on the
power ratings of available components and the voltage
and current requirements of the associated power
application.

Fach primary switching element preferably
is or includes a semiconductor device.

Fach primary switching element may also
include an anti-parallel diode connected 1in parallel
with the semiconductor device.

The selection such of primary switching
elements allows the converter to be configured to
transfer power from the first primary terminal to the
second primary terminal or vice versa.

The or each semiconductor device may be an
insulated gate bipolar transistor, a gate turn-off
thyristor, a field effect transistor, a transistor, an
injection enhancement gate 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 eguipment. Their
inclusion, therefore, leads to significant reductions
in power converter cost, size and weight.

Conveniently the plurality of primary

switching elements define a cascade arrangement of
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alternating odd and even primary switching elements,
the primary switching elements being controllable to
selectively put each of the odd primary switching
elements in a first open/closed state and each of the
even primary switching elements in a second open/closed
state opposite the first open/closed state.

The plurality of primary switching elements
are controllable to alternate between a closed state
and an open state.

The operation of the primary switching
elements 1in the foregoing manner ensures that the
majority of the charging and discharging current flows
directly Dbetween charge transfer elements instead
flowing through each primary switching element. This
reduces the current load through each primary switching
element during normal operation of the converter, and
so reduces the corresponding current rating required
for the switching element.

Preferably each of the primary switching
elements 1s controllable in use to delay switching
between the open state and the closed state.

Fach of the primary switching elements is
also preferably controllable to wvary the length of the
delay in switching between open and closed sates.

The delay in switching helps to ensure that
there 1is no direct connection between the voltages
connected to the first and second primary terminals at
any time and thereby prevents short-circuiting of the
charge transfer elements. There is, therefore, a
reduced risk of a higher than normal current load

passing through each primary switching element.
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Preferably the resonant circuit of each
charge transfer element is tuned to the same resonant
frequency.

Optionally the switching frequency of each
primary switching element is approximately egqual to the
resonant frequency of the resonant circuits.

This leads to the formation of a sinusoidal
current in the primary charge transfer converter, which
enables soft switching of each primary at or near zero
current, switching element and thereby reduces
switching losses in the primary switching elements.

The converter may further include least one
DC 1link capacitor connected 1in parallel with the
primary charge transfer converter.

The inclusion of a DC 1link <capacitor
improves the efficiency of the voltage conversion
process by minimising harmonic distortion in a DC
voltage from the first DC network.

In a preferred embodiment of the invention
the converter further includes a primary auxiliary unit
connected to the second primary terminal thereof, the
primary auxiliary unit defining either a charge store
or a charge generator including an auxiliary terminal
for connection to an electrical network.

The provision of a primary auxiliary unit
allows the converter to provide a voltage step-down or
step-up without the need for a bulky and expensive
transformer.

Conveniently the ©primary auxiliary unit
defines a charge store including at least one reservoir

capacitor to store said charge.
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Such a feature allows the converter to
provide a voltage step-down.

Optionally the primary auxiliary unit
defines a charge generator including an oscillator
circuit to introduce an AC voltage component into the
charge transfer elements of the primary charge transfer
converter. This allows the converter to provide a
voltage step-up.

In another preferred embodiment of the
invention the oscillator circuit operates at a
frequency that approximates the resonant frequency of
the charge transfer elements.

Such an arrangement allows switching of the
primary switching elements at or near zero voltage, and
so minimises losses in the converter.

According to a second aspect of the
invention there 1s ©provided a converter assembly
comprising a converter as described hereinabove, the
first primary terminal of the primary charge transfer
converter being connected in use to a positive terminal
of a first DC network, the auxiliary terminal of the
auxiliary unit being 1in use to a negative terminal of
the first DC network, and the Junction Dbetween
regspective adjacent primary switching elements being
connected in use to respective positive, negative and
ground terminals of a second DC network.

According  to a third aspect of the
invention there 1s ©provided a converter assembly
comprising a first converter as described hereinabove,
a plurality of parallel-connected secondary charge

transfer converters each having a respective secondary
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auxiliary unit connected to the second primary
terminal, the first primary terminal of each parallel-
connected secondary charge transfer converter being
connected to the auxiliary terminal of the first
converter.

The converter assembly may further include
a transformer connected to the auxiliary terminal of
each secondary auxiliary units and a respective phase
of a multiphase AC network.

Optionally the converter assembly includes
a second converter as described (hereinabove), the
auxiliary terminal of the second converter being
connected to the auxiliary terminal of each secondary
auxiliary unit the first primary terminal of each
converter being connected in use to respective positive
and negative terminals of a first DC network, and each
secondary charge transfer converter including a
secondary terminal for connection in use to a
respective phase of a multiphase AC network.

According to a fourth aspect of the
invention there 1s ©provided a converter assembly
comprising a plurality of converters as described
hereinabove, the converter assembly including at least
one converter limb having first and second limb
portions, each limb portion including a said converter,
the auxiliary terminal of the auxiliary wunit in the
converter in the first limb portion being connected in
series with the auxiliary terminal of the auxiliary
unit 1in the converter in the second limb portion to
connect the converters in a given convert limb with one

another end to end the first primary terminal of the
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converter in the first limb portion being connected in
use to a positive terminal of a first DC network, the
first primary terminal of the converter in the second
limb portion being connected 1n use to a negative
terminal of the first DC network, and the series
connection between the auxiliary terminals defining a
phase terminal connected in use to an AC network, the
auxiliary unit of each limb portion being operable to
switch the respective 1limb portion in and out of
circuit so as to generate a voltage waveform at the
phase terminal of the respective converter limb.

Such a converter assembly preferably
includes a plurality of converter limbs, each converter
limb defining a phase terminal for connection to a
respective phase of a multiphase AC network.

Fach converter limb operates independently
of the other converter 1limbs and therefore only
directly affects the phase connected to the respective
phase terminal. As a result a given converter 1limb
causes minimal disruption to the phases connected to
the phase terminals of the other converter limbs.

As set out above the converter of the
invention can be easily incorporated into various
converter assemblies to specific requirements of the
associated power application.

Preferably the or each auxiliary unit
includes reference terminal which 1s connected in use
to a lower voltage potential than the corresponding

auxiliary terminal.
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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 converter according to a first
embodiment of the invention;

Figure 2 shows the current characteristics of a
primary switching element in the converter shown in
Figure 1;

Figures 3a and 3b illustrate the operation of the
converter shown in Figure 1;

Figure 4 shows the power transfer characteristics
of the converter shown in Figure 1;

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

Figures ©6a and ©6b show the operation of the
converter shown in Figure 5;

Figure 7 shows the power transfer characteristics
of the converter shown in Figure 5; and

Figures 8 to 12 show  respective converter
assemblies according to further embodiments of the
invention.

A  converter 20 according to a first
embodiment of the invention is shown in Figure 1. The
converter 20 could be considered a Resonant Charge
Transfer Converter because of the manner in which
functions, as set out below. For the sake of
conciseness, however, 1t will be referred to as a
converter throughout this specification.

The converter 20 comprises a primary charge
transfer converter 22 having a first primary terminal

24 and a second primary terminal 26. The converter 20



10

15

20

25

30

WO 2012/167826 PCT/EP2011/059514

13

also includes an auxiliary unit 28 which is connected
to the second primary terminal 26 of the primary charge
transfer converter 22.

The first primary terminal may be connected
in use to a first DC network 30 which carries a first
DC voltage, Vpeci. The first primary terminal 24 may be
connected to the first DC network 30 via one or more
inductors (not shown).

The primary charge transfer converter 22
includes first, second, third and fourth charge
transfer elements 32a,32b,32c,32d which are connected
with first, second, third and fourth primary switching
elements 34a,34b,34c,34d in cascade circuit between the
first and second primary terminals 24,26. The cascade
circuit resembles a Cockcroft-Walton cascade circuit.

Other embodiments of the invention (not
shown) may include more or less charge transfer
elements and primary switching elements arranged in a
similar manner.

Each primary switching element
34a,34b,34c,34d includes an 1insulated gate Dbipolar
transistor (IGBT) connected in parallel with an anti-
parallel diode. It is envisaged that in other
embodiments the insulated gate bipolar transistor may
be replaced by a gate turn-off thyristor, a field
effect transistor, a transistor, an injection
enhancement gate transistor, an insulated gate
commutated thyristor or an integrated gate commutated
thyristor or another self-commutated or forced-

commutated semiconductor device.
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Each charge transfer element
32a,32b,32c,32d includes a resonant circuit in the form
of an inductor 36 and a capacitor 38 connected in
series. In other embodiments of the invention each
charge transfer element 32a,32b,32c,32d may be
connected in reverse so as to reverse the order of the
series—-connected inductor 36 and capacitor 38 to that
shown in Figure 1.

In other embodiments each charge transfer
element 32a, 32b, 32c, 32d could include a plurality of
parallel-connected such resonant circuits and/or that
each resonant circuit may include one or more inductors
connected in series with one or more capacitors.

In this way the structure of each charge
transfer element 32a, 32b, 32c, 32d, may be wvaried to
accommodate the voltage and current ratings of
available components and the power reguirements of the
electrical networks to which it is intended to connect
the converter 20.

The four primary switching elements, 34a,
34b, 34c, 34d, define a cascade arrangement of
alternating odd-numbered primary switching elements,
i.e. first, third and [n-1] primary switching elements
34a, 34c, 34..., and even-numbered primary switching
elements, i.e. second, fourth and [n] primary switching
elements 34b, 34d, 34f..

The first charge transfer element 32a 1is
connected in parallel with the first and second primary
switching elements 34a,34b, the second charge transfer
element 32b 1is connected in parallel with the second

and third primary switching elements 34b,34c, the third
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charge transfer element 32c¢c 1s connected in parallel
with the third and fourth primary switching elements
34c,34d, and the fourth charge transfer element 32d is
connected in parallel with the fourth primary switching
element 34d only and in series Dbetween the junction
interconnecting the third and fourth switching elements
34c,34d and the second primary terminal 26.

The converter 20 shown further includes a
DC 1link capacitor 40 connected in parallel with the
primary charge transfer converter 22 to improve the
efficiency of the wvoltage conversion process by
minimising harmonic distortion in any first DC voltage
Vpe1 connected to the first primary terminal 24. Other
embodiments of the invention may omit the DC 1link
capacitor 40.

As shown in Figure 1, the auxiliary unit 28
defines a charge store which includes an auxiliary
terminal 42, a first reservoir capacitor 44a, auxiliary
switching elements 46 1in the form of diodes, and a
resonant circuit 45a. The auxiliary wunit 28 also
includes a filter 48 connected to the auxiliary
terminal 42. The filter 48 includes an inductor 45b and
a second reservoir capacitor 44b. In other embodiments
the second reservoir capacitor 44b of the filter 48 may
be omitted from the charge store.

The auxiliary terminal 42 may be connected
to a second DC network 52 carrying a second DC voltage
Vpez, which is lower than the first DC voltage Vper.

The auxiliary also unit 28 includes a
reference terminal 50 which defines a common reference

between the first and second DC networks 50, 52. In the
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embodiment shown the reference terminal 50 is connected
to ground, and so acts as a common reference against
which each of the first and second DC voltages Vpci, Vpez
is determined. In other embodiments the reference
terminal 50 may be defined a common link between the
first and second networks 30, 52 which is not at =zero
volts, i.e. not a common ground connection.

The purpose of the auxiliary unit 28, i.e.
the charge store, 1is to store charge in each of the
reservolir capacitors 44a, 44b during operation of the
converter 20 and to discharge the stored energy in the
reservolir capacitors 44a, 44b when desired, so as to
generate a desired output voltage at the auxiliary
terminal 42.

In other embodiments the auxiliary unit 28
may consist of alternative arrangements of electronic
components which provide the same above-mentioned
functions as the charge store.

The resonant circuit, i.e. the series-
connected inductor 46 and capacitor 38, of each charge
transfer element 32a, 32b, 32c¢, 32d, are tuned to the
same oscillating frequency.

In addition the switching frequency of each
primary switching element 34a, 34b, 34c, 34d is set to
be near or equal to the resonant freguency of the
resonant circuits.

In use the converter 20 shown in Figure 1
functions as described below:

When referring to charging and discharging
of each charge transfer element 32a,32b,32c,32d it 1is

to be understood  that this means charging and
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discharging of the capacitor 38 forming part of the
regspective charge transfer element 32a,32b,32c,32d.

Initially all of the ©primary switching
elements 34a, 34b, 34c, 34d are turned off.

On energisation of the first DC network 30
a DC current flows from the first primary terminal 24
to the second primary terminal 26, and in particular
through the first and third charge transfer elements
32a,32c; and through the second and fourth charge
transfer elements 32b,32d wvia the anti-parallel diode
in each of the first and third primary switching
elements 34a, 34c.

Once charged the converter 20 remains in
the this state until power transfer is required.

In the first stage of power transfer, each
IGBT in the odd-numbered primary switching elements,
i.e. the first and third primary switching elements
34a, 34c is switched to a closed state while each IGRT
in even-numbered primary switching elements 34b, 34d
remains in an open state.

This results in the following (as shown in
Figure 3a):

(a) charging of the second charge transfer
element 32b by current flowing from the first DC
network 30 via the first primary terminal 24 and the
closed IGBT of the first primary switching element 34a;

(b) a transfer of charge from the first charge
transfer element 32a (i.e. discharge of the first
charge transfer element 32a) to the second charge
transfer element 32b by current flowing through the

closed IGBT in the first primary switching element 34a;
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(c) charging of the fourth charge transfer
element 32d by current flowing directly from the second
charge transfer element 32b;

(d) a transfer of charge from the third charge
transfer element 32c¢ (i.e. discharge of the third
charge transfer element 32c) to the fourth charge
transfer element 32d by current flowing through the
closed IGBT in the third primary switching element 34c;
and

(e) a flow of current from the second charge
transfer element 32b through the third primary
switching element 34c via the anti-parallel diode
thereof.

The flow of current through the anti-
parallel diode of the third primary switching element
34c 1is opposed by the flow of current from the third
charge transfer element 32c¢c through the closed IGBT of
the third primary switching element 34c.

As a result the third primary switching
element 34c only has to transfer the net difference
between the opposing currents. Therefore the majority
of the current from the second charge transfer element
32b flows directly into the fourth charge transfer
element 32d and only a much smaller, so—called
“difference current” flows through the third primary
switching element 34c.

In the second stage of power transfer, each
IGBT in the odd-numbered primary switching elements
34a,34c 1is switched from a closed state to an open

state and each IGBT in the even-numbered primary
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switching elements 34b, 34d 1is switched from an open
state to a closed state.

This results in the following (as shown in
Figure 3b):

(a) recharging of the first charge transfer
element 32a by current flowing directly from the first
DC network 30;

(b) a transfer of charge from the second charge
transfer element 32b (i.e. discharge of the second
current transfer element 32b) to the third charge
transfer element 32c¢ by current flowing through the
closed IGBT in the second primary switching element
34b;

(c) further charging of the third charge transfer
element 32c¢ by current flowing directly from the first
charge transfer element 32a;

(d) a transfer of charge from the fourth charge
transfer element 32d (i.e. discharge of the fourth
charge transfer element 32d) to the first and second
reservoir capacitors 44a, 44b in the auxiliary unit 28
by current flowing through the closed IGBT in the
fourth primary switching element 34d; and

(e) a flow of current from the third charge
transfer element 32c¢ through the fourth ©primary
switching element 34d wvia the anti-parallel diode
thereof.

The flow of current through the anti-
parallel diode of the fourth primary switching element
34d is opposed by the flow of current from the fourth
charge transfer element 32d through the closed IGBT of

the fourth primary switching element 34d.
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As a result the fourth primary switching
element 34d only has to transfer the net difference in
current between the opposing currents. Therefore, the
majority of the current flowing within the primary
charge transfer converter 22 1is transferred directly
between the first and third charge transfer elements
32a, 32c, and only a much smaller difference current
flows through each of the second and fourth primary
switching elements 34b, 34d.

Accordingly, the odd and even-numbered
primary switching elements 34a, 34c, 34b, 34d are
operable to control the direction of current flow
within the primary charge transfer converter 22 so that
each charge transfer element 32a, 32b, 32¢c, 32d
alternates between charging and discharging (i.e. the
first and third charge transfer elements 32a, 32c
discharging and the second and fourth charge transfer
elements 32b, 32d charging during the first stage of
power transfer; and the second and fourth charge
transfer elements 32b, 32d discharging and the first
and third charge transfer elements 32a, 32c¢ charging
during the second stage of power transfer).

In this manner the primary role of each
switching element 34a, 34b, 34c, 34d is current control
rather than current transmission.

For example, Figure 2 shows the current
flowing through a primary switching element 34 in the
converter 20 when configured to transfer power from a
8KV/125A first DC network 30 to a 1KV/IKA second DC

network 52.
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The current illustrated i1is typical of the
current flowing in any of the middle switching
elements, i.e. the second and third switching elements
34b, 34c, but not the first and last switching
elements, i.e. the first and fourth switching elements
34a, 34d.

In particular Figure 2 shows a first input
current 54, flowing at the first primary terminal 24
and a second output current 56 flowing at the auxiliary
terminal 42.

As mentioned above, the resonant frequency
of the resonant circuits 1is wused as the switching
frequency of each primary switching element 34a, 34b,
34c, 34d leads to the formation of an oscillating
voltage waveform. The oscillating voltage waveform
comprises a sine wave component, the magnitude of which
is determined by the current flow, and a DC voltage
component which is equivalent to the first DC voltage
Vper divided by the number of charge transfer elements
32a, 32b, 32c, 32d.

The difference current 58 flowing through
each switching element 32b, 34c, follows a half cycle
sinusoidal waveform. The generation of a half cycle
sinusoidal waveform allows soft switching of the
primary switching elements 34b, 34c at or near =zero
current and thereby reduces switching losses 1in the
converter 20.

The operation of the odd- and even—-numbered
primary switching elements 34a, 34c/34b, 34d in the
first and second stages of power transfer leads to the

accumulation of charge in each charge transfer element
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32a, 32b, 32c, 32d. This charge manifests itself as a
DC voltage across the capacitor 38 of the respective
charge transfer element 32a, 32b, 32c, 32d.

In particular, each of the third charge
transfer element 32c¢, and further charge elements
extending downwards in the cascade circuit, receives
charging current from each of the two immediately
proceeding charge transfer elements, e.g. the third
charge transfer element 32c receives charging current
from each of the first and second charge transfer
elements 32a, 32b.

Consequently the charge accunulates
downwards in the primary charge transfer converter 22.

The DC wvoltages across the charge transfer
elements 34a, 34b, 34c, 34d offset the first DC voltage
Vper 0of the first DC network 30 which is present at the
first primary terminal 24. As such, operation of the
converter 20 leads to a voltage step-down between the
first and second primary terminals 24, 26, thereby
allowing the connection of a high voltage first DC
network 30 to a low voltage second DC network 52.

The first and second stages of ©power
transfer are repeated until the desired output voltage
is achieved. At this stage, the stored energy in the
first and second reservoir capacitors 44a, 44b of the
charge storage circuit is discharged to generate the
desired wvoltage at the auxiliary terminal 42 and
thereby enable connection to the lower voltage second
DC network 52.

For example, Figure 4 shows the power

transfer characteristics of a converter interconnected
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between an 8 kV first DC network and a 1 kV second DC
network 52. The converter has a similar structure to
the first converter 20 shown in Figure 1 except that
the primary charge transfer converter 22 includes eight
primary switching elements 34 and eight charge transfer
elements 32.

An output DC current 60 at the auxiliary
terminal 42 was increased from 0.5kA to 1kA and back to
0.5kA. The change in current at the auxiliary terminal
42 led to a corresponding change in the input DC
current 62 at the first primary terminal 24 of the
primary charge transfer converter 22.

As seen from the plots in Figure 4, the
converter exhibited excellent stability in the presence
of a changing output current 60 at the auxiliary
terminal 42. Additionally the difference 64 in power
levels 66, 68 of the 8kv and 1kv DC networks 1is
minimal, which indicates a highly efficient converter.

The primary switching elements 34a, 34b,
34c, 34d are controllable to provide a time delay
between the switching of the semiconductor devices in
an open state, i.e. off to a closed state, i.e. on.

In particular, increasing the length of
time a given switching element 34a, 34b, 34c, 34d is
off reduces the flow of charge (and hence the transfer
of power), while decreasing the off time increases the
flow of charge (and hence the transfer of power).

The inclusion of a time delay also helps to
ensure that there is no direct connection between the
voltages connected to the first and second primary

terminals 24, 26, 1.e. between the first and second DC
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networks 30, 52. This helps to prevent short-circuiting
of the charge transfer elements 32a,32b,32c,32d and
minimises the risk of the primary switching elements
34a,34,34c,34d carrying the much larger entire current
load.

A converter 80 according to a second
embodiment of the invention is shown in Figure 5.

The second converter 80 shown in Figure 5
is similar to the first converter 20 shown in Figure 1
and like features have the same reference numerals.
However, two ways 1in which the second converter 80
differs from the first converter 20 1is that each
primary switching element 34a, 34b, 34c, 34d is a
single diode switch and the auxiliary unit 28 defines a
charge generator in the form of an oscillator circuit
70.

In alternative arrangements of the second
converter 80 (not shown) the single diode switch can be
replaced by another switch arrangement such as, for
example, an IGBT arranged in parallel with a diode but
with the IGBT switched off.

The oscillator <circuit 70 includes an
auxiliary switch 72 and a passive circuit 74 tuned to
the resonant frequency of the resonant circuits. The
oscillator circuit 70 further includes a filter 48
connected to the auxiliary terminal 42 and a connection
to ground 50.

In use, the oscillator circuit 70  is
operable to generate charge in the charge transfer

elements 32a, 32b, 32c¢c, 32d by introducing an AC
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voltage waveform into the second primary terminal 26 of
the primary charge transfer converter 22.

In other embodiments, the auxiliary unit 28
may consist of alternative arrangements of electronic
components which ©provide the same above-mentioned
functions as the charge generator.

The frequency of the AC voltage waveform is
set to be near or egqual to the resonant Ifrequency of
the resonant circuit of each charge transfer element
32a, 32b, 32c, 32d, and so the current flowing through
the diode in each primary switching element 34a, 34b,
34c, 34d describes a half c¢ycle sinusoidal waveform
during converter operation. This allows soft switching
of each diode at or near zero current so as to minimise
switching losses in each diode when switching between
forward- and reverse-bias states and vice versa.

During the positive half cycle of the AC
voltage waveform, the second and fourth primary
switching elements 34b, 34d are forward-biased, 1i.e.
switched on, while the first and third primary
switching elements 34a, 34c are reverse-biased, 1i.e.
switched off.

This results in the following (as shown in
Figure 6a):

(a) charging of the fourth charge transfer
element 32d by current flowing from the oscillator
circuit 70 wvia the forward-biased fourth ©primary
switching element 34d;

(b) a transfer of charge from the third charge

transfer element 32c to the second charge transfer
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element 32b by current flowing through the forward-
biased second primary switching element 34b; and

(c) a discharge of the first charge transfer
element 32a 1into the first network 30 by current
flowing via the first primary terminal 24.

Accordingly the second and fourth charge
transfer elements 32b, 32d are charged and the first
and third charge transfer elements 32a, 32c are
discharged.

During the negative half cycle of the AC
voltage waveform, the first and third primary switching
elements 34a, 34c are forward-biased while the second
and fourth primary switching elements 34b, 34d are
reverse-biased.

This results in the following (as shown in
Figure 6b):

(a) a transfer of charge from the fourth charge
transfer element 32d to the third charge transfer
element 32c¢ by current flowing through the forward-
biased third primary switching element 34c;

(b) charging of the third charge transfer element
32c by the above-mentioned current flowing from the
fourth charge transfer element 32d;

(c) a transfer of charge from the second charge
transfer element 32b to the first network 30 and the
first charge transfer element 32a by current flowing
through the forward-biased first primary switching
element 34a; and

(d) charging of the first transfer element 32a by
the above-mentioned current flowing from the second

charge transfer element 32b.
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Accordingly the second and fourth charge
transfer elements 32b, 32d are discharged while the
first and third charge transfer elements 32a, 32c are
charged.

The charging and discharging of each charge
transfer element 32a, 32b, 32c¢, 32d in the above manner
successively transfers charge from a higher-numbered
charge transfer element, e.g. the fourth charge
transfer element 32d, to the subsequent lower—-numbered
charge transfer element, e.g. the third charge transfer
element 32c and so on.

The accumulation of charge 1in a given
charge transfer element 32a, 32b, 32c¢, 32d results in
the formation of a DC voltage across the capacitor 38
of the respective charge transfer element
32a,32b,32c,32d. This establishes a DC wvoltage at the
first primary terminal 24 which is equal to the sum of
these individual DC wvoltages. As such, the second
converter 80 is capable of performing a voltage step-up
operation so as to connect a low voltage second DC
network 52 to a high voltage first DC network 30.

Figure 7 shows the power transfer
characteristics of a converter interconnected between
an 8 kV between first DC network and a 1kV second DC
network 52. This converter has a similar structure to
the second converter 80 shown in Figure 5 except that
the primary charge transfer converter includes eight
diodes, 1i.e. eight primary switching elements 32, and
eight charge transfer elements.

An 1input DC current 60 flowing into the

auxiliary terminal 42 was increased in magnitude from



WO 2012/167826 PCT/EP2011/059514
28

0.5kA to 1kA and back to 0.5 kA. The change in current
at the auxiliary terminal 42 led to a corresponding
change 1in output DC current 62 at the first primary
terminal 24 of the primary charge transfer converter
22.

As seen from the plots in Figure 7, the
converter exhibited excellent stability in the presence
of a changing input current 60 at the auxiliary
terminal 42. Additionally the difference 64 in power
levels 66, 68 at the 8kVv and 1 kV DC networks 1is
minimal, which indicates a highly efficient converter.

During the operation of the first and
second converters 20;80 shown in Figures 1 and 5, some
of the primary switching elements 34a, 34b, 34c, 34d
i.e. all but the first and 1last primary switching
elements 34a, 34d, are only reguired to support a
portion of the current flowing through the primary
charge transfer converter 22. This is because in each
converter 20;80 a significant portion of the current
flows directly Dbetween the charge transfer elements
32a, 32b, 32c, 32d. Consequently it 1s possible to
reduce the required current rating of all but the first
and last the primary switching elements and thereby
decrease hardware size, weight and costs.

The capacitance values o0of each charge
transfer element 32a, 32b, 32c, 32d is chosen according
to the power ratings of the individual components of
the primary charge transfer converter 22 and the
requirements of the associated power application.

The capacitance values of the charge

transfer elements 32a, 32b, 32c, 32d may be equal.
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Alternatively the capacitance values of the charge
transfer elements 32a, 32b, 32c, 32d may be different
so that the voltage across each charge transfer element
is the same during operation of the converter 20;80.

The capacitance value of each charge
transfer element 32a, 32b, 32c, 32d may be set either
by using a specific capacitor with the required
capacitance wvalue or wusing a plurality of standard
capacitors in a specific configuration to match the
required capacitance value.

The provision of a resonant circuit in each
charge transfer element 32a, 32b, 32c, 32d enables the
commutation of the primary switching elements 32a, 32b,
32c, 32d at near zero current so as to reduce switching
losses during the transfer of charge between different
charge transfer elements 32a, 32b, 32c, 32d. This also
helps to ensure minimal overall power loss during power
conversion between different electrical networks, and
hence improved conversion efficiency.

The wuse o0of a cascade circuit in the
converters 20;80 permits the interconnection of
electrical networks having different voltage levels and
thereby removes the need for large and bulky
transformers to step up or step down the operating
voltage. This in turn leads to a reduction in converter
size, weight and cost, which is Dbeneficial for
locations having restrictions on converter size and
weight such as, e.g. offshore power stations.

The modular nature of cascade <circuit
allows converter 20;80 to be easily modified to support

different voltage levels. For example, extension of the
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cascade circuit by increasing the number of primary
switching elements 34 and charge transfer elements 32
provides for a larger difference in voltage 1levels
between the first and second DC networks 30, 52.

In each of the first and second converters
20;80 shown each junction between two adjacent primary
switching elements 34a,34b,34c,34d defines a secondary
terminal 76.

The provision of one or more secondary
terminals 76 permits the converter 20;80 to Dbe
simultaneously connected to multiple power networks
having different DC voltage levels or respective phases
of a multi phase AC network.

The converter 20;80 is, therefore,
connectable to a wide range of different networks
without having to modify the design and structure of
the converter 20;80. Such flexibility allows the
manufacture of a single converter 20;80, which 1is
applicable to a wide range of power applications.

The converter 20;80 structure can be easily
incorporated into various converter assemblies to fit
specific requirements of an associated power
application, as described herein below.

Figure 8 shows a first converter assembly
100 according to a third embodiment of the invention.

The first converter assembly includes a
converter 20;80 in which the first primary terminal 24
is connected to a positive terminal of a first DC
network 30 while the auxiliary terminal 42 is connected

to a negative terminal of the first DC network 30.
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A plurality of secondary terminals 76 are
connected to positive, negative and ground terminals of
a second DC network 52.

Such a converter assembly 100 permits power
conversion between different bipole DC networks 30,52.

Figure 9 shows a second converter assembly
110 according to a fourth embodiment of the invention.

The second converter assembly 110 includes
a converter 20;80 and a plurality of secondary charge
transfer converters 82 and a plurality of secondary
auxiliary units 84.

The first primary terminal 24 of each of
the plurality of secondary charge transfer converters
82 1is connected to the auxiliary terminal 42 of the
voltage converter 20;80. FEach of the plurality of
secondary auxiliary units 84 is connected to the second
primary terminal 26 of the respective secondary charge
transfer converter 82.

The first ©primary terminal 24 of the
voltage converter 20;80 1s connected to a first DC
network 30 while the auxiliary terminal 42 of each
secondary auxiliary unit 84 is connected to a different
second DC network 52a, 52b, 52c.

The above configuration results in a
parallel arrangement of secondary charge transfer
converters 82.

The provision of a plurality of parallel-
connected secondary <charge transfer converters 82
assembly 110 allows the output voltage at each of the
auxiliary and/or secondary terminals to undergo pulse

width modulation without significantly influencing the
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output voltage at the other auxiliary and/or secondary
terminals and thereby permits independent control of
the different output voltages. This leads to a
simplification of the associated converter control
scheme

In the second converter assembly 110 the
secondary charge transfer converters 82 have the same
structure and mode of operation as the primary charge
transfer converter 22 in the converters 20;80 described
above. Common features of the primary and secondary
charge transfer converter 22;82 share the same
reference numerals.

In other embodiments, the primary charge
transfer converter 22 may have a different number of
primary switching elements and charge transfer elements
to the or each secondary charge transfer converter 82.

Similarly, the secondary auxiliary units 84
have the same structure and mode of operation as the
primary auxiliary unit 28 in the first and second
converters 20;80 described above. These two similar
components also share the same reference numerals for
common features.

The output voltage at the auxiliary
terminal 82 of the or each auxiliary unit and/or the or
each secondary terminal 72 of the second converter
assembly 110 may undergo pulse-width modulation so as
to modify its wvoltage characteristics to match the
requirements of the associated power application.

The modulation can be such as to maintain a

constant DC output voltage, or to impose a time-varying
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magnitude to the voltage in order to produce an AC
output voltage.

Figure 10 shows a third converter assembly
120 according to a fifth embodiment of the invention.
The third converter assembly 120 is similar to the
second converter assembly 110 shown in Figure 9 but
further includes a transformer 86 connected between the
auxiliary terminal 42 of each secondary auxiliary unit
84 and a multiphase AC network 88. In particular, the
auxiliary terminal 42 of each secondary auxiliary unit
84 1s operably connected to a respective phase of the
multiphase AC network 88.

The third converter assembly 120 provides
power conversion between a first DC network 30 and a
second multiphase AC network 88.

Figure 11 shows a fourth converter assembly
130 according to a sixth embodiment of the invention.

The fourth converter assembly 130 includes
two converters 20;80 and a plurality of secondary
charge transfer converters 82 and secondary auxiliary
units 84.

Each of the plurality of secondary
auxiliary units 84 is connected to the second primary
terminal 26 of a corresponding secondary charge
transfer converter 82.

The first primary terminal 24 of each
secondary charge transfer converter 82 1is connected to
the auxiliary terminal 42 of a first converter 20;80
while the auxiliary terminal 42 of each secondary
auxiliary unit 84 1is connected to the auxiliary

terminal 42 of a second converter 20;80.
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Fach secondary charge transfer converter 82
also includes a secondary terminal 76.

The first primary terminal 24 one converter
20; 80 1is connected to a positive terminal of a first
DC network 30 while the first primary terminal 24 of
the second converter 20; 80 1is connected to a negative
terminal of the first DC network 30. The secondary
terminal 76 of each secondary charge transfer converter
82 1is connected to a respective phase of a multiphase
AC network 88. The foregoing arrangement permits power
conversion between a Dbipole DC network 30 and a
multiphase AC network 82.

Figure 12 shows a fifth converter assembly
140 according to a seventh embodiment of the invention.

The fifth converter assembly 140 includes
three converter limbs 90.

Fach converter limb 90 defines first and
second limb portions 92,94, and each limb portion 92,94
includes a converter 20;80.

The first primary terminal 24 of each
converter 20;80 in the first limb portion is connected
to a positive terminal of a bipole first DC network 30.
The first primary terminal 24 of each converter 20;80
in the second 1limb portion 94 i1is connected to a
negative terminal of the first DC network 30.

In each converter 1limb 90, the auxiliary
terminals 42 of each converter 20;80 are connected in
series. A junction between the series-connected
auxiliary terminals 42 of each converter limb 90
defines a phase terminal 96 which 1s connected to a

respective phase of a multiphase AC network 88.



10

15

20

25

WO 2012/167826 PCT/EP2011/059514

35

The auxiliary wunit 28 of the converter
20;80in each limb portion 92,94 is operable to switch
the respective limb portion 92,94 in and out of circuit
so as to generate a voltage waveform at the phase
terminal 96 of the respective converter limb 90.

The operation of the fifth converter
assembly 140 in this manner facilitates power
conversion between the bipole DC network 30 and the
multiphase AC network 88.

In such a converter assembly 140 each
converter limb 90 operates independently of the other
converter limbs 90. The operation of each 1limb 90
therefore only directly affects the phase connected to
the respective phase terminal 96 and has minimal
influence on the phase respective connected to the
phase terminals 96 of the other converter limbs 90.

In other embodiments, it is envisaged that
the converter assembly may include a single converter
limb or a plurality of converter limbs 90 where each
phase terminal 96 of each converter limb 90 1is
connected in use to a respective phase of a multiphase

AC network.
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CLAIMS

1. A converter (20, 80) for wuse in high
voltage direct and alternating current power
transmission, the converter comprising a primary charge
transfer converter (22), including first and second
primary terminals (24, 26) for connection to one or
more electrical networks (30, 52), a plurality of
charge transfer elements (32a, 32b, 32c, 32d) and a
plurality of primary switching elements (34a, 34b, 34c,
34d) connected in a cascade circuit between the first
and second primary terminals (24, 26), each charge
transfer element (32a, 32b, 32c, 32d) including at
least one resonant c¢ircuit, the ©primary switching
elements (34a, 34b, 34c, 34d) being operable to
selectively cause charging and discharging of each
resonant circuit to transfer charge between the charge
transfer elements (32a, 32b, 32c, 32d) and thereby
create a voltage difference Dbetween the first and

second primary terminals (24, 26).

2. A converter (20, 80) according to Claim
1 wherein the junction between adjacent primary
switching elements (34a, 34b, 34c, 34d) defines a

secondary terminal (76).

3. A converter (20, 80) according to Claim
1 or Claim 2 wherein the or at least one resonant
circuit of each charge transfer element (32a, 32b, 32c,
32d) includes at least one inductor connected in series

with at least one capacitor.
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4. A converter (20, 80) according to any
preceding claim wherein at least one charge transfer
element (32a, 32b, 32c, 32d) includes a plurality of

parallel-connected resonant circuits.

5. A converter (20, 80) according to any
preceding claim wherein each primary switching element
(34a, 34b, 34c, 34d) is or includes a semiconductor

device.

6. A converter (20, 80) according to Claim
5 wherein each primary switching element (34a, 34b,
34c, 34d) further includes an anti-parallel diode

connected in parallel with the semiconductor device.

7. A converter (20, 80) according to Claim
5 or Claim 6 wherein the semiconductor device 1s an
insulated gate bipolar transistor, a gate turn-off
thyristor, a field effect transistor, a transistor, an
injection enhancement gate transistor, an insulated
gate commutated thyristor or an integrated (gate

commutated thyristor.

8. A voltage source converter according to
Claim 6 or Claim 7 wherein the plurality of primary
switching elements (34a, 34b, 34c, 34d) define a
cascade arrangement of alternating odd and even primary
switching elements, the primary switching elements
being controllable to selectively put each of the odd

primary switching elements in a first open/closed state
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and each of the even primary switching elements in a
second open/closed state opposite the first open/closed

state.

9. A converter (20, 80) according to Claim
8 wherein the plurality of primary switching elements
(34a, 34b, 34c, 34d) of are controllable to alternate

between a closed state and an open state.

10.A converter (20, 80) according to Claim
9 wherein each of the primary switching elements (34a,
34b, 34c¢, 34d) 1s controllable to delay switching

between the open state and the closed state.

11.A converter (20, 80) according to Claim
10 wherein each of the primary switching elements (34a,
34b, 34c, 34d) is controllable to wvary the length of

the delay in switching between open and closed states.

12.A converter (20, 80) according to any
preceding claim wherein the resonant circuit of each
charge transfer element (32a, 32b, 32c, 32d) i1is tuned

to the same resonant frequency.

13.A converter (20, 80) according to Claim
12 wherein the switching frequency of each primary
switching element (34a, 34b, 34c, 34d) is approximately
equal to the resonant frequency of the resonant

circuits.
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14.A converter (20, 80) according to any
preceding claim further including at least one DC 1link
capacitor (40) connected in parallel with the primary

charge transfer converter (34a, 34b, 34c, 34d).

15.A converter (20, 80) according to any
preceding claim further including a primary auxiliary
unit (28) connected to the second primary terminal (26)
thereof, the primary auxiliary unit (28) defining
either a charge store or a charge generator including
an auxiliary terminal (42) for connection to an

electrical network (52).

16.A converter (20, 80) according to Claim
15 wherein the primary auxiliary unit (28) defines a
charge store including at least one reservoir capacitor

(44a) to store said charge.

17.A converter (20, 80) according to Claim
15 wherein the primary auxiliary unit (28) defines a
charge generator including an oscillator circuit (70)
to introduce an AC voltage component into the charge
transfer elements (32a, 32b, 32c, 32d) of the primary

charge transfer converter (22).

18.A converter (20, 80) according to Claim
16 wherein the oscillator circuit (70) operates at a
frequency that approximates the resonant frequency of

the charge transfer elements (32a, 32b, 32c, 32d).
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19.A converter assembly (100, 110, 120,
130, 140) comprising a converter according to any of
Claims 15 to 18, the first primary terminal (24) of the
primary charge transfer converter (22) being connected
in use to a positive terminal of a first DC network
(30) the auxiliary terminal (42) of the auxiliary unit
(28) being in use to a negative terminal of the first
DC network (30), and the Jjunction between respective
adjacent primary switching elements (34a, 34b, 34c,
34d) being connected in use to respective positive,
negative and ground terminals of a second DC network

(52).

20.A converter assembly (100, 110, 120,
130, 140) comprising a first converter according to any
of Claims 15 to 18, a plurality of parallel-connected
secondary charge transfer converters (82) each having a
respective secondary auxiliary unit (84) connected to
the second primary terminal (26), the first primary
terminal (24) of each parallel-connected secondary
charge transfer converter (82) being connected to the

auxiliary terminal (42) of the first converter (20).

21.A converter assembly (100, 110, 120,
130, 140) according to Claim 20 further including a
transformer connected Dbetween the auxiliary terminal
(42) of each secondary auxiliary unit (84) and a

respective phase of a multiphase AC network (88).

22.A converter assembly (100, 110, 120,

130, 140)according to Claim 20 further including a
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second converter (80) according to any of Claims 15 to
18, the auxiliary terminal (42) of the second converter
(80) being connected to the auxiliary terminal (42) of
each secondary auxiliary unit (84) the first primary
terminal (24) of each converter being connected in use
to respective positive and negative terminals of a
first DC network (30), and each secondary charge
transfer converter (82) including a secondary terminal
(76) for connection in use to a respective phase of a

multiphase AC network (88).

23.A converter assembly (100, 110, 120,
130, 140) comprising a plurality of converters (20, 80)
according to any of Claims 15 to Claim 18, the
converter assembly further including at least one
converter limb (90) having first and second 1limb
portions (92, 94), each limb portion (92, 94) including
a said converter (20, 80), the auxiliary terminal (42)
of the auxiliary unit (28) in the converter in the
first limb portion (92) being connected in series with
the auxiliary terminal (42) of the auxiliary unit (84)
in the converter in the second limb (94) portion to
connect the converters in a given convert limb with one
another end to end the first primary terminal (24) of
the converter in the first 1limb portion (92) being
connected in use to a positive terminal of a first DC
network (30), the first primary terminal (24) of the
converter in the second limb portion (94) being
connected in use to a negative terminal of the first DC
network (30), and the series connection between the

auxiliary terminals (42) defining a phase terminal (96)
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connected in use to an AC network (88), the auxiliary
unit (28) of each limb portion being operable to switch
the respective 1limb portion (92, 94) in and out of
circuit so as to generate a voltage waveform at the
phase terminal (96) of the respective converter 1limb

(90) .

24.A converter assembly (100, 110, 120,
130, 140) according to Claim 23 defining a plurality of
converter limbs (90), each converter limb (90)
including a phase terminal (96) for connection to a

respective phase of a multiphase AC network (88).

25.A converter assembly (100, 110, 120,
130, 140) according any of to Claims 16 to 21 wherein
the or each auxiliary unit (28) includes a reference
terminal (50) which is connected 1in use to a lower
voltage potential than the corresponding auxiliary

terminal.
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