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between the third terminal (40) and the first ter-
minal (36) and to turn off to inhibit flow of cur-
rent between the third terminal (40) and the first
terminal (36); a current flow control module (42)
extending between the first and second terminals
(36,38), the current flow control module (42) in-
cluding at least one auxiliary switching element
(Q1,Q:,Q5,Q4) and at least one energy storage
device (C1), the or each auxiliary switching ele-
ment (Q1,Q,,Q5,Q4) and the or each energy stor-
age device (C1) combining to selectively provide
a voltage source, the or each auxiliary switching
element (Q1,Q:,Q3,Q4) being switchable to select-

ively switch the or each energy storage device (C1) into and out of circuit between the first and second terminals (36,38); and a con-
trol unit (44) configured to control switching of the main and auxiliary switching elements ((Qs1,Qs2,Q1,Q:,Q3,Q4) in an energy
transfer mode, wherein the control unit (44) in the energy transfer mode turns off the main switching element (Q,Qs;) and switches
the or each energy storage device (C1) into circuit between the first and second terminals (36,38) to inject a voltage drop, in use, in
the first DC power transmission medium (30) so as to divert energy from one of the first and second DC power transmission media
(30,32) into the other of the first and second DC power transmission media (30,32) via the current flow control module (42) and
thereby carry out regulation of current flow in each DC power transmission medium (30,32).
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CURRENT FLOW CONTROLLER

This invention relates to a current flow controller and to a current flow control circuit.

A DC electrical network may include a power source, such as a battery, that is connected
to a load via one or more current-carrying conductors, or multiple power sources that are

connected to multiple loads using a network of current-carrying conductors.

An example of a DC electrical network is a DC power grid that requires multi-terminal
interconnection of HVDC converters, whereby power can be exchanged on the DC side
using two or more HVDC converters electrically connected together. Each HVDC
converter acts as either a source or sink to maintain the overall input-to-output power
balance of the DC power grid whilst exchanging the power as required. The DC power
grid relies on a network of DC power transmission lines or cables to achieve multi-

terminal interconnection of the HVDC converters.

According to a first aspect of the invention, there is provided a current flow controller
comprising:

first and second terminals being operatively connectable, in use, to first and
second DC power transmission media respectively;

a third terminal being operatively connectable, in use, to an electrical element (
e.g. via a third DC power transmission medium), the third terminal being electrically
connected to each of the first and second terminals;

a main switching element, the main switching element being operatively
connected between the first and third terminals, the main switching element being
switchable to turn on to permit flow of current between the third terminal and the first
terminal and to turn off to inhibit flow of current between the third terminal and the first
terminal;

a current flow control module extending between the first and second terminals,
the current flow control module including at least one auxiliary switching element and at
least one energy storage device, the or each auxiliary switching element and the or each
energy storage device combining to selectively provide a voltage source, the or each
auxiliary switching element being switchable to selectively switch the or each energy
storage device into and out of circuit between the first and second terminals; and

a control unit configured to control switching of the main and auxiliary switching

elements in an energy transfer mode,
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wherein the control unit in the energy transfer mode turns off the main switching
element and switches the or each energy storage device into circuit between the first and
second terminals to inject a voltage drop, in use, in the first DC power transmission
medium so as to divert energy from one of the DC power transmission media into the
other of the DC power transmission media via the current flow control module and

thereby carry out regulation of current flow in each DC power transmission medium.

A DC power transmission medium may be any medium that is capable of transmitting
electrical power between two or more electrical elements. Such a medium may be, but is
not limited to, a submarine DC power transmission cable, an overhead DC power
transmission line or cable and an underground DC power transmission cable. Such an
electrical element may be, but is not limited to, a DC power source, a load, a DC terminal

of a DC power grid, or a DC electrical network.

During transmission of power through the first and second DC power transmission
media, one of the first and second DC power transmission media may carry a higher
current than the other of the first and second DC power transmission media due to, for
example, a variation in conductor impedance between the DC power transmission

media.

The inclusion of at least one voltage source in the current flow controller permits injection
of a voltage drop in either of the first and second DC power transmission media. The
injection of a voltage drop into the selected DC power transmission medium creates
either a positive resistance effect in which the voltage drop opposes and thereby reduces
the current flow in that DC power transmission medium, or a negative resistance effect in
which the voltage drop contributes to an increase of the current flow in that DC power

transmission medium.

In addition the interconnection of the first and second terminals via the current flow
control module enables regulation of current flow in each DC power transmission
medium to simultaneously decrease the flow of current in the one of the first and second
DC power transmission media and increase the flow of current in the other of the first
and second DC power transmission media. Moreover the interconnection of the first and
second terminals via the current flow control module permits energy to be transferred
between the first and second DC power transmission media via the current flow control
module. Thus, during regulation of the current flows in the first and second DC power

transmission media as set out above, energy is removed from the DC power
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transmission medium that is undergoing a reduction in current flow and this energy is
diverted, via the current flow control module, into the other DC power transmission

medium that is undergoing an increase in current flow.

Furthermore the configuration of the components of the current flow controller according
to the invention, as set out above, results in a smaller, simpler and more cost-effective
current flow controller that requires less switching elements than a current flow controller
that is configured to inject a voltage drop in each of the DC power transmission media so
as to divert energy from one of the DC power transmission media into the other of the
DC power transmission media via the current flow control module and thereby carry out

regulation of current flow in each DC power transmission medium.

In embodiments of the invention, the current flow controller may include first and second
main switching elements, the first main switching element being operatively connected
between the first and third terminals, the second main switching element being
operatively connected between the second and third terminals, each main switching
element being switchable to turn on to permit flow of current between the third terminal
and the corresponding one of the first and second terminals and to turn off to inhibit flow
of current between the third terminal and the corresponding one of the first and second
terminals. In such an embodiment the control unit in the energy transfer mode may turn
off one of the main switching elements, turn on the other of the main switching elements
and switch the or each energy storage device into circuit between the first and second
terminals to inject a voltage drop, in use, in one of the DC power transmission media so
as to divert energy from one of the DC power transmission media into the other of the
DC power transmission media via the current flow control module and thereby carry out

regulation of current flow in each DC power transmission medium.

The inclusion of the first and second main switching elements in the current flow
controller increases the number of configurations of the main and auxiliary switching
elements that allows the current flow controller to perform the abovementioned energy
diversion and current flow regulation operations, thus enhancing the reliability of the

current flow controlier.

The current flow controller according to the invention may be configured to form a multi-
port current flow controller that is capable of carrying out regulation of current flows in

more than two (e.g. three, four, five, and so on) DC power transmission media.
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For example, in further embodiments of the invention, the current flow controller may
further include at least one additional terminal being operatively connectable, in use, to
an additional DC power transmission medium, the third terminal being electrically
connected to the or each additional terminal. The current flow control module may
extend between the first, second and additional terminals, the or each auxiliary switching
element being switchable to selectively switch the or each energy storage device into
and out of circuit between the first, second and additional terminals. The control unit in
the energy transfer mode may turn off the main switching element and switch the or each
energy storage device into circuit between the first, second and additional terminals to
inject a voltage drop, in use, in the first DC power transmission medium so as to divert
energy from at least one of the DC power transmission media into at least one other of
the DC power transmission media via the current flow control module and thereby carry

out regulation of current flow in each DC power transmission medium.

In such embodiments the current flow controller may include at least one additional main
switching element, the or each additional main switching element being operatively
connected between the third terminal and the corresponding additional terminal, the or
each additional main switching element being switchable to turn on to permit flow of
current between the third terminal and the corresponding additional terminal and to turn
off to inhibit flow of current between the third terminal and the corresponding additional
terminal. The control unit in the energy transfer mode may turn off at least one of the
main switching elements, turn on at least one other of the main switching elements and
switch the or each energy storage device into circuit between at least two of the first,
second and additional terminals to inject a voltage drop, in use, in at least one of the DC
power transmission media so as to divert energy from at least one of the DC power
transmission media into at least one other of the DC power transmission media via the
current flow control module and thereby carry out regulation of current flow in each DC

power transmission medium.

The inclusion of the or each additional terminal and the or each additional main switching
element not only enables the current flow controller to carry out regulation of current
flows in more than two DC power transmission media, but also further increases the
number of configurations of the main and auxiliary switching elements that allows the
current flow controller to perform the abovementioned energy diversion and current flow

regulation operations, thus further enhancing the reliability of the current flow controller.
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The current flow controller may be in constant operation to carry out continuous
regulation of the current flows in the DC power transmission media, or may be operated
intermittently to regulate the current flows in the DC power transmission media.

The current flow controller according to the invention therefore permits dynamic,
selective control over current flow in each of the DC power transmission media through
injection of a voltage drop in the first DC power transmission media or at least one of the
DC power transmission media. Such control over current flow in each DC power
transmission medium is advantageous in that current flow in each DC power
transmission medium may be controlled within a specific operating range to improve the

power transmission performance of the DC power transmission media.

The ability to modify the current flows in the DC power transmission media through
injection of a voltage drop in the first DC power transmission media or at least one of the
DC power transmission media may be used to regulate the current flows in order to
minimise dissipation losses and reduce the risk of each DC power transmission medium
exceeding its thermal rating. Preferably regulation of current flow in each DC power
transmission medium includes balancing the flows of current in the DC power

transmission media.

In addition the use of the current flow controller results in an energy-efficient manner of
regulating the current flows in the DC power transmission media. This is because, as set
out above, the diversion of energy during regulation of current flow in each DC power
transmission medium involves transferring energy that is removed from one DC power
transmission medium to another DC power transmission medium. This thereby obviates
the need for additional energy sources to add energy into a DC power transmission
medium and the need for additional energy sinks such as storage capacitors or
dissipation resistors to store or dissipate energy that is removed from a DC power
transmission medium, when increasing or decreasing current flow in each DC power
transmission medium. The use of additional energy sources and sinks would add
significant cost, size and weight to the plurality of DC power transmission media.
Moreover, the use of dissipation resistors would not only increase dissipation losses in
the current flow controller, but also might require the use of a cooling system, which
would increase the overall complexity of the current flow controller.

Moreover the manner in which the voltage drop is injected into the DC power
transmission medium means that the energy storage device may only be required to
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have a low voltage rating, rather than a voltage rating corresponding to the voltage

across a DC power transmission medium and ground.

Furthermore, the use of the current flow controller in regulating current flow in each DC
power transmission medium may be carried out independently of the operation of the
electrical elements at either end of each DC power transmission medium. This removes
the need to redesign the control procedure for the electrical elements in order to
accommodate a need for regulation of current flow in each DC power transmission

medium.

The voltage drop may be variable. The voltage drop may also be a positive or negative

DC voltage drop.

The use of a variable voltage drop permits regulation of current flow in each DC power

transmission medium that is undergoing variable current flow conditions.

Optionally regulation of current flow in each DC power transmission medium may include
limiting the flow of current in one of the DC power transmission media. Further optionally
regulation of current flow in each DC power transmission medium may include reducing

the flow of current in one of the DC power transmission media to zero.

To carry out its current flow regulation duties, the current flow controller may be arranged

to have different configurations, some examples of which are as follows.

In embodiments of the invention the or each auxiliary switching element and the or each
energy storage device may combine to selectively provide a unidirectional or bidirectional

voitage source.

The current flow control module may be a unidirectional current flow control module that
is able to divert energy in one direction only between the DC power transmission media.
For example, in embodiments of the invention, the or each auxiliary switching element
and the or each energy storage device may combine to selectively provide a

unidirectional voltage source.

Alternatively the current flow control module may be a bidirectional current flow control
module that is able to divert energy in both directions between the DC power

transmission media. For example, in other embodiments of the invention, the or each
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auxiliary switching element and the or each energy storage device may combine to

selectively provide a bidirectional voltage source.

A bidirectional current flow control module is useful when energy diversion is required in
one direction for one set of current flow conditions and in the other direction for another

set of current flow conditions.

When the or each auxiliary switching element and the or each energy storage device
combine to selectively provide a bidirectional voltage source, the control unit when in the
energy transfer mode may be configured to control switching of the main and auxiliary
switching elements to selectively charge and discharge the or each energy storage
device and thereby regulate an energy level of the or each energy storage device. As
such the current flow control module is able to maintain the energy level of the or each
energy storage device at a preferred operating level or within a preferred operating
range. This not only enables the current flow control module to operate for as long as
desired, but also obviates the need for additional equipment to charge and/or discharge
the or each energy storage device whenever the energy level of the or each energy

storage device deviates from the preferred operating level or operating range.

In embodiments of the invention the current flow control module may include a plurality of
auxiliary switching elements, the plurality of auxiliary switching elements and the or each
energy storage device being connected in a bridge arrangement, preferably a full-bridge

or half-bridge arrangement.

In such embodiments of the invention the current flow control module may include a
plurality of auxiliary switching elements and an energy storage device, and the plurality of
auxiliary switching elements are connected in parallel with the energy storage device in a
full-bridge arrangement to define a 4-quadrant bipolar module that can provide a

negative, zero or positive voltage and can conduct current in two directions.

The plurality of auxiliary switching elements may include first and second pairs of
auxiliary switching elements and may include at least one additional pair of auxiliary
switching elements, and each pair of auxiliary switching elements may be connected in
parallel with the energy storage device in the bridge arrangement. The or each
additional pair of auxiliary switching elements provides the current flow control module
with a means for switching the or each energy storage device into and out of circuit

between the first, second and additional terminals. The number of additional pairs of
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auxiliary switching elements may vary depending on the number of additional terminals

in the current flow controller.

In other such embodiments of the invention the current flow control module may include
a plurality of auxiliary switching elements and an energy storage device, and the plurality
of auxiliary switching elements may be connected in parallel with the energy storage
device in a half-bridge arrangement to define a 4-quadrant bipolar module that can
provide a negative, zero or positive voltage and can conduct current in two directions. In
such embodiments, the 4-quadrant operation of the current flow control module may be

carried out through reversal of the output voltage of the energy storage device.

Each energy storage device may be, for example, a capacitor, a fuel cell, a battery or
any other energy storage device capable of storing and releasing its electrical energy to

provide a voltage.

The or each main switching element and the or each auxiliary switching element of the
current flow control module may be or may include a semiconductor device that is, for
example, an insulated gate bipolar transistor, a gate turn-off thyristor, a field effect
transistor, an injection enhanced gate transistor, an integrated gate commutated
thyristor, or any other self-commutated semiconductor device connected in series or in

parallel.

The use of one or more thyristors in the or each main switching element provides the or
each main switching element with robustness and low conduction loss. In addition, when
the or each main switching element includes at least one force-commutated switching
device, the control unit may be configured to control switching of the or each auxiliary
switching element of the current flow control module to perform forced-commutation of
the or each force-commutated switching device (e.g. one or more thyristors) in the or

each main switching element.
The above semiconductor devices may, for example, each be connected in parallel with
an anti-parallel passive current check element. A passive current check element is any

device that permits current flow in only one direction, e.g. a diode.

The or each main switching element may be a bidirectional switching element.
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The or each main switching element may be configured to form a short circuit upon its
failure. Such configuration of the or each main switching element ensures that the failure
of the or each main switching element does not result in interruption of current in any of

the first and second DC power transmission media.

According to a second aspect of the invention, there is provided a current flow control
circuit comprising:

first and second DC power transmission media for connection to an electrical
element or to respective electrical elements; and

a current flow controller according to any preceding claim,

wherein the first and second terminals are operatively connected, in use, to the

first and second DC power transmission media respectively.

The current flow controller and the current flow control circuit according to the invention
are applicable to low-voltage, medium-voltage and high-voltage DC applications that
require transmission of DC power between two electrical elements via two or more DC

power transmission media.

The current flow controller and the current flow control circuit according to the invention
are applicable to different DC electrical circuits having different numbers of electrical
elements and DC power transmission media, and different topologies of the plurality of
DC power transmission media to interconnect the electrical elements. Such a DC
electrical network may be, but is not limited to, a mesh-connected DC power grid or a
radial-connected DC power grid.

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, in schematic form, a current flow control circuit according to a
first embodiment of the invention;

Figure 2 shows, in schematic form, the normal operation of the current flow
control circuit of Figure 1;

Figures 3 to 7 shows, in table and schematic form, four states of the main and
auxiliary switching elements in the energy transfer mode of a current flow controller
forming part of the current flow control circuit of Figure 1;

Figures 8 and 9 show, in schematic form, a simulation model of the current flow

control circuit of Figure 1;
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Figure 10 illustrates, in graph form, the currents flowing in the current flow control
circuit of Figure 1 during the normal operation of the current flow control circuit as shown
in Figure 2,

Figure 11 illustrates, in graph form, the currents flowing in the current flow control
circuit of Figure 1 when the current flow controller is operated in an energy transfer
mode;

Figure 12 illustrates, in graph form, the change in output voltage of the capacitor
of the current flow control module of the current flow controller when the current flow
controller is operated in an energy transfer mode; and

Figure 13 shows, in schematic form, a current flow control circuit according to a

second embodiment of the invention.

A current flow control circuit according to a first embodiment of the invention is shown in

Figure 1.

The current flow control circuit comprises first and second DC power transmission lines

30,32 and a current flow controller 34.

The current flow controller comprises first, second and third terminals 36,38,40, first and
second main switching elements Qs1,Qs2, a current flow control module 42 and a control
unit 44.

The first DC power transmission line 30 is operatively connected at one end to the first
terminal 36 and is operatively connected at the other end to a first electrical element (not
shown). The second DC power transmission line 32 is operatively connected at one end
to the second terminal 38 and is operatively connected at the other end to a second
electrical element (not shown). The third terminal 40 is operatively connected to a third
electrical element (not shown). Examples of electrical elements are described elsewhere

in this specification.

The third terminal 40 is further electrically connected to each of the first and second
terminals 36,38. More specifically, in the embodiment shown, the first main switching
element Q1 is operatively connected between the first and third terminals 36,40, and the
second main switching element Qs is operatively connected between the second and
third terminals 38,40.
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Each of the first and second main switching elements Qs1,Qs2 is in the form of a
bidirectional switching element that includes a pair of anti-parallel connected thyristors
T1,T2, T3, T4+. Each main switching element Qs1,Qs2 is configured to form a short circuit
upon its failure, such that failure of each main switching element Qs1,Qs2 does not
prevent the flow of current between the third terminal 40 and the corresponding one of
the first and second terminals 36,38.

In use, the first main switching element Qs is switchable to turn on to permit flow of
current between the third terminal 40 and the first terminal 36 and to turn off to inhibit
flow of current between the third terminal 40 and the first terminal 36, and the second
main switching element Qs is switchable to turn on to permit flow of current between the
third terminal 40 and the second terminal 38 and to turn off to inhibit flow of current
between the third terminal 40 and the second terminal 38.

It is envisaged that, in other embodiments, each bidirectional switching element may be
replaced by another type of switching element, examples of which are described
elsewhere in this specification.

The current flow control module 42 extends between the first and second terminals
36,38. In the embodiment shown, the current flow control module 42 includes a plurality
of auxiliary switching elements Q;,Q2,Q3,Q4 and an energy storage device in the form of
a capacitor C1. Each of the auxiliary switching elements Q,Q2,Qs3,Qq is constituted by a
semiconductor device in the form of an Insulated Gate Bipolar Transistor (IGBT). Each
of the auxiliary switching elements also includes an anti-parallel diode connected in

paraliel therewith.

It is envisaged that, in other embodiments, each IGBT may be replaced by another type
of switching element, examples of which are described elsewhere in this specification. It
is also envisaged that, in other embodiments, the capacitor may be replaced by another
type of energy storage device, examples of which are described elsewhere in this

specification.

The plurality of auxiliary switching elements Q1,Q2,Q3,Q4 are in the form of two pairs of
auxiliary switching elements Q1,Q2,Qs,Q4 that are connected in parallel with the capacitor
C1 in a full-bridge arrangement to define a 4-quadrant bipolar module 42 that can

provide a negative, zero or positive voltage and can conduct current in two directions.
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In use, the capacitor C1 of the current flow control module 42 is selectively switched into
and out of circuit between the first and second terminals by changing the state of the

auxiliary switching elements Q1,Q2,Q3,Q4.

The capacitor C1 is switched out of circuit between the first and second terminals 36,38
when the auxiliary switching elements Q1,Q2,Qs,Q4 are configured to form a short circuit
that bypasses the capacitor C1. This causes a current passing between the first and
second terminals 36,38 to pass through the short circuit and bypass the capacitor C1,
and so in this manner the current flow control module 42 injects a zero voltage drop

across the first and second terminals 36,38.

The capacitor C1 is switched into circuit between the first and second terminals 36,38
when the auxiliary switching elements Q1,Q2,Q3,Q4 are configured to allow a current
flowing between the first and second terminals 36,38 to flow into and out of the capacitor
C1. The capacitor C1 then charges or discharges its stored energy so as to provide a
non-zero voltage drop across the first and second terminals 36,38. The auxiliary
switching elements Q1,Q2,Qs,Q4 may be configured to switch the capacitor C1 into circuit
between the first and second terminals 36,38 in either forward or reverse directions so as

to inject a positive or negative voltage drop across the first and second terminals 36,38.

In this manner the plurality of auxiliary switching elements Q1,Q2,Q3,Q4 and the capacitor
C1 combine to selectively provide a voltage source, and the plurality of auxiliary
switching elements Q1,Q2,Qs,Q4 are switchable to selectively switch the capacitor C1 into
and out of circuit between the first and second terminals 36,38 so as to provide a voltage

drop across the first and second terminals 36,38.

It is envisaged that, in other embodiments of the invention, the plurality of auxiliary
switching elements may be connected in parallel with the capacitor in a half-bridge
arrangement to define a 4-quadrant bipolar module that can provide a negative, zero or
positive voltage and can conduct current in two directions. In such embodiments, the 4-
quadrant operation of the current flow control module may be carried out through

reversal of the output voltage of the capacitor.

The control unit 44 is configured to control switching of the main and auxiliary switching
elements Qq1,Qs2,Q1,Q2,Q3,Q4, i.e. to turn on and off each of the main and auxiliary

switching elements Qs1,Qs2,Q1,Q2,Q3,Qa.
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Operation of the current flow controller 34 is described as follows, with reference to

Figures 2to 7.

During normal operation of the current flow control circuit, current 11,12 flows in both of the
first and second DC transmission lines 30,32, as shown in Figure 2. The control unit 44
turns on the first and second main switching elements Qs1,Qs2 to permit flow of current
between the third terminal 40 and each of the first and second terminals 36,38.
Meanwhile the control unit 44 switches the auxiliary switching elements Q1,Q2,Q3,Q4 to
inhibit flow of current between the first and second terminals 36,38.

During transmission of power through the first and second DC power transmission lines
30,32, one of the first and second DC power transmission lines 30,32 may carry a higher
current than the other of the first and second DC power transmission lines 30,32 due to,
for example, a variation in conductor impedance between the DC power transmission
lines 30,32.

Balancing the flows of current 1,2 in the first and second DC power transmission lines
30,32 requires a decrease in the flow of current I4,lz in the DC power transmission line
30,32 carrying the higher current, and a corresponding increase in the flow of current | 12
in the other DC power transmission line 30,32. It will be appreciated that the current flow
controller 34 may be operated to decrease the flow of current l4,l2 in the DC power
transmission line 30,32 carrying the higher current, and increase the flow of current l4,l2
in the other DC power transmission line 30,32, without balancing the flows of current |1 12

in the first and second DC power transmission lines 30,32.

In order to achieve the aforementioned balancing, the control unit 44 controls switching
of the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 in an energy transfer
mode. More specifically, the control unit 44 in the energy transfer mode turns off one of
the first and second main switching elements Qs1,Qs2, turns on the other of the first and
second main switching elements Qs1,Qs2, and switches the capacitor C1 into circuit
between the first and second terminals 36,38 to inject a voltage drop Vp across the first
and second terminals 36,38. Switching of the main and auxiliary switching elements
Qs1,Qs2,Q1,Q2,Q3,Q4 in this manner permits injection of the voltage drop Vo in either of
the first and second DC power transmission lines 30,32 so as to divert energy from one
of the first and second DC power transmission lines 30,32 into the other of the first and

second DC power transmission lines 30,32 via the current flow control module 42.
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The injection of a voltage drop Vp into the selected DC power transmission line 30,32
creates either a positive resistance effect in which the voltage drop Vb opposes and
thereby reduces the current flow in that DC power transmission line 30,32, or a negative
resistance effect in which the voltage drop Vp contributes to an increase of the current

flow in that DC power transmission line 30,32.

Figure 3 shows, in table form, four states of the main and auxiliary switching elements
Qs1,Qs2,Q1,Q2,Q3,Q4 in the energy transfer mode of the current flow controller 34 of
Figure 1.

In a first state of the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 in the
energy transfer mode (as shown in Figure 4), the first main switching element Qs is
turned off, the second main switching element Qs. is turned on, and the auxiliary
switching elements Q1,Q2,Qs,Q4 are switched to inject a voltage drop Vp across the first
and second terminals 36,38 and thereby in the first DC power transmission line 30. This
creates a negative resistance effect in which the voltage drop Vb contributes to an
increase of the current flow in the first DC power transmission line 30. Consequently the
first DC power transmission line 30 experiences an increase in current flow, the second
DC power transmission line 32 experiences a decrease in current flow, and energy is
diverted from the second DC power transmission line 32 to the first DC power
transmission line 30 via the current flow control module 42. Meanwhile the first state of
the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 results in discharging of

the capacitor C1.

In a second state of the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Qq4 in the
energy transfer mode (as shown in Figure 5), the first main switching element Qs is
turned on, the second main switching element Qs is turned off, and the auxiliary
switching elements Q1,Q2,Q3,Q4 are switched to inject a voltage drop Vp across the first
and second terminals 36,38 and thereby in the second DC transmission line 32. This
creates a positive resistance effect in which the voltage drop Vp opposes and thereby
reduces the current flow in the second DC power transmission line 32. Consequently the
first DC power transmission line 30 experiences an increase in current flow, the second
DC power transmission line 32 experiences a decrease in current flow, and energy is
diverted from the second DC power transmission line 32 to the first DC power
transmission line 30 via the current flow control module 42. Meanwhile the second state
of the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 results in charging of

the capacitor C1.
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It can be seen from the above first and second states that the control unit 44 when in the
energy transfer mode can control switching of the main and auxiliary switching elements
Qs1,Qs2,Q1,Q2,Q3,Q4 to selectively charge and discharge the capacitor C1 whilst enabling
diversion of energy from the second DC power transmission line 32 to the first DC power
transmission line 30 via the current flow control module 42 and regulating current flow in
the first and second DC power transmission lines 30,32. Such selective charging and
discharging of the capacitor C1 can be used to regulate the energy level of the capacitor
C1 without affecting the aforementioned energy diversion and current regulation

operations.

In a third state of the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 in the
energy transfer mode (as shown in Figure 6), the first main switching element Qg1 is
turned off, the second main switching element Qs is turned on, and the auxiliary
switching elements Q1,Q2,Q3,Q4 are switched to inject a voltage drop Vp across the first
and second terminals 36,38 and thereby in the first DC transmission line 30. This
creates a positive resistance effect in which the voltage drop Vp opposes and thereby
reduces the current flow in the first DC power transmission line 30. Consequently the
first DC power transmission line 30 experiences a decrease in current flow, the second
DC power transmission line 32 experiences an increase in current flow, and energy is
diverted from the first DC power transmission line 30 to the second DC power
transmission line 32 via the current flow control module 42. Meanwhile the third state of
the main and auxiliary switching elements Qs1,Qs2,Q4,Q2,Q3,Q4 results in charging of the

capacitor C1.

In a fourth state of the main and auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 in the
energy transfer mode (as shown in Figure 7), the first main switching element Qg1 is
turned on, the second main switching element Qs; is turned off, and the auxiliary
switching elements Q1,Q2,Q3,Q4 are switched to inject a voltage drop Vp across the first
and second terminals and thereby in the second DC transmission line 32. This creates a
negative resistance effect in which the voltage drop Vp contributes to an increase of the
current flow in the second DC power transmission line 32. Consequently the first DC
power transmission line 30 experiences a decrease in current flow, the second DC power
transmission line 32 experiences an increase in current flow, and energy is diverted from
the first DC power transmission line 30 to the second DC power transmission line 32 via
the current flow control module 42. Meanwhile the fourth state of the main and auxiliary

switching elements Qs1,Qs2,Q1,Q2,Q3,Q4 results in discharging of the capacitor C1.
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Similarly it can be seen from the above third and fourth states that the control unit 44
when in the energy transfer mode can control switching of the main and auxiliary
switching elements Qs1,Qs2,Q1,Q2,Q3,Qs to selectively charge and discharge the
capacitor whilst enabling diversion of energy from the first DC power transmission line 30
into the second DC power transmission line 32 via the current flow control module 42

and regulating current flow in the first and second DC power transmission lines 30,32.

The ability to modify the current flows in the first and second DC power transmission
lines 30,32 through injection of a voltage drop Vp in either of the first and second DC
power transmission lines 30,32 may be used to regulate the current flows in order to
minimise dissipation losses and reduce the risk of each DC power transmission line

30,32 exceeding its thermal rating.

The current flow controller 34 of Figure 1 therefore permits dynamic, selective control
over current flow in each of the first and second DC power transmission lines 30,32
through injection of a voltage drop Vp in either of the first and second DC power
transmission lines 30,32. Such control over current flow in each DC power transmission
line 30,32 is advantageous in that current flow in each DC power transmission line 30,32
may be controlled within a specific operating range to improve the power transmission

performance of the first and second DC power transmission lines 30,32.

The configuration of the components of the current flow controller 34 of Figure 1 results
in a smaller, simpler and more cost-effective current flow controller 34 that requires less
switching elements than a current flow controller that is configured to inject a voltage
drop in each of the DC power transmission lines 30,32 so as to divert energy from one of
the first and second DC power transmission lines 30,32 into the other of the first and
second DC power transmission lines 30,32 via the current flow control module and

thereby carry out regulation of current flow in each DC power transmission line 30,32.

Figures 8 and 9 show, in schematic form, a simulation model of the current flow control
circuit of Figure 1. In the simulation model, the current flow control circuit is in the form
of a meshed DC grid, a first current I3 flows from the first element 100 into the first DC
power transmission line 30, a second current l»1 flows from the second element 102 into
the second DC power transmission line 32, and a third current I flows from the third
terminal 40 to the third element 104. Each of the first, second and third elements
100,102,104 are modelled as an AC-DC converter. A further current lo; flows in a further
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DC power transmission line 46 that operatively interconnects the first and second
elements 100,102.

Figure 10 illustrates, in graph form, the currents ls,l21,l23 flowing in the current flow
control circuit during its normal operation (as shown in Figure 2). It can be seen from
Figure 10 that step increases in power production by the first and second elements
100,102 att = 0.3 s and t = 1 s results in corresponding increases in currents la1,l21 in the
first and second DC power transmission lines 30,32, hence introducing different

operating points of the current flow control circuit.

Figure 11 illustrate, in graph form, the currents ls1, 121,123 flowing in the current flow control
circuit when the current flow controller 34 is operated in an energy transfer mode from t =
0.4 s onwards. It can be seen from Figure 11 that operation of the current flow controller
in the energy transfer mode from t = 0.4 s onwards results in a diversion of energy from
the first DC power transmission line 30 to the second DC power transmission line 32,
thus reducing the current Iz flowing in the first DC power transmission line 30 and
increasing the current > flowing in the second DC power transmission line 32 when
compared to the corresponding currents la1,lz1 in Figure 10. It is shown therefore that the
current flow control circuit of Figure 1 can be operated to modify the currents lss,l21

flowing in the first and second DC power transmission lines 30,32.

Figure 12 illustrates, in graph form, the change in output voltage Vc of the capacitor C1
of the current flow control module 42 of the current flow controller 34 when the current
flow controller 34 is operated in an energy transfer mode. It can be seen from Figure 12
that the average output voltage V¢ of the capacitor C1 is maintained at a certain value
after the current flow controller 34 starts operating in an energy transfer mode att=0.4 s
and after the operating point changes att = 1 s, and so the current flow controller 34 is
capable of regulating the energy level of its capacitor C1 whilst being operated to modify
and thereby regulate the currents Ia,lz flowing in the first and second DC power

transmission lines 30,32.

Alternatively, instead of balancing the flows of current in the first and second DC power
transmission lines 30,32, the control unit 44 in the energy transfer mode may be
configured to control switching of the main and auxiliary switching elements
Qs1,Qs2,Q1,Q2,Q3,Q4 to inject a voltage drop Vo, in use, in either of the DC power
transmission lines 30,32 so as to divert energy from one of the first and second DC

power transmission lines 30,32 into the other of the first and second DC power
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transmission lines 30,32 via the current flow control module 42 and thereby carry out
regulation of current flow in each DC power transmission line 30,32 in order to:
e limit the flow of current in one of the first and second DC power transmission lines
30,32; and/or
¢ reduce the flow of current in one of the first and second DC power transmission

lines 30,32 to zero.

It is envisaged that, in other embodiments of the invention, the current flow controller 34
of Figure 1 may omit the second main switching element Q.. In such embodiments, the
third terminal is kept electrically connected to the second terminal. Such a current flow
controller 34 remains capable of being operated to inject a voltage drop, in use, in the
first DC power transmission line 30 so as to divert energy from one of the DC power
transmission lines 30,32 into the other of the DC power transmission lines 30,32 via the
current flow control module 42 and thereby carry out regulation of current flow in each
DC power transmission line 30,32. This is because keeping the electrical connection
between the second and third terminals has the same effect as turning on the omitted
second main switching element Q, thus permitting the current flow controller to be
operated in accordance with the above-described first and third states of the main and
auxiliary switching elements Qs1,Qs2,Q1,Q2,Q3,Qq in the energy transfer mode.

A current flow control circuit according to a second embodiment of the invention is shown
in Figure 13. The current flow control circuit of Figure 13 is similar in structure and
operation to the current flow control circuit of Figure 1, and like features share the same

reference numerals.

The current flow control circuit of Figure 13 differs from the current flow control circuit of
Figure 1 in that the current flow control circuit of Figure 13 further includes an additional
DC power transmission line 48, an additional terminal 50, and an additional main

switching element Qsq.

The additional DC power transmission line 48 is operatively connected at one end to the
additional terminal 50 and is operatively connected at the other end to an additional

electrical element (not shown).

The third terminal 40 is electrically connected to the additional terminal 50. More
specifically, in the embodiment shown, the additional main switching element Qs is
operatively connected between the additional and third terminals 50,40.
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The additional main switching element Qs is in the form of a bidirectional switching
element that includes a pair of anti-parallel connected thyristors Ts,Ts. The additional
main switching element Qs4 is configured to form a short circuit upon its failure, such that
failure of the additional main switching element Qs does not prevent the flow of current
between the third terminal 40 and the additional terminal 50.

In use, the additional main switching element Qg4 is switchable to turn on to permit flow of
current between the third terminal 40 and the additional terminal 50 and to turn off to
inhibit flow of current between the third terminal 40 and the additional terminal 50.

The current flow control module 42 extends between the first, second and additional
terminals 36,38,50. The current flow control module 42 shown in Figure 13 is similar in
structure and operation to the current flow control module 42 shown in Figure 1, except
that, in the current flow control module 42 shown in Figure 13, the plurality of auxiliary
switching elements Q1,Q2,Q3,Q4,Qs,Qs are in the form of three pairs of auxiliary switching
elements Q,Q2,Qs3,Q4,Qs5,Qs that are connected in parallel with the capacitor C1 in a
bridge arrangement to define a 4-quadrant bipolar module 42 that can provide a

negative, zero or positive voltage and can conduct current in two directions.

In use, the capacitor C1 of the current flow control module 42 is selectively switched into
and out of circuit between the first, second and additional terminals 36,38,50 by changing
the state of the auxiliary switching elements Q1,Q2,Q3,Q4,Qs5,Qs.

The capacitor C1 is switched out of circuit between two or more of the first, second and
additional terminals 36,38,50 when the auxiliary switching elements Q1,Q2,Q3,Q4,Q5,Qs
are configured to form a short circuit that bypasses the capacitor C1. This causes a
current passing between two or more of the first, second and additional terminals
36,38,50 to pass through the short circuit and bypass the capacitor C1, and so in this
manner the current flow control module 42 injects a zero voltage drop across at least one
of: the first and second terminals 36,38; the first and additional terminals 36,50; and the
second and additional terminals 38,50.

The capacitor C1 is switched into circuit between two or more of the first, second and
additional terminals 36,38,50 when the auxiliary switching elements Q1,Q2,Q3,Q4,Q5,Qs
are configured to allow a current flowing between two or more of the first, second and

additional terminals 36,38,50 to flow into and out of the capacitor C1. The capacitor C1
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then charges or discharges its stored energy so as to provide a non-zero voltage drop
across at least one of: the first and second terminals 36,38; the first and additional
terminals 36,50; and the second and additional terminals 38,50. The auxiliary switching
elements Q4,Q2,Q3,Q4,Q5,Qs Mmay be configured to switch the capacitor C1 into circuit
between two or more of the first, second and additional terminals 36,38,50 in either
forward or reverse directions so as to inject a positive or negative voltage drop across at
least one of: the first and second terminals 36,38; the first and additional terminals 36,50:
and the second and additional terminals 38,50.

In this manner the plurality of auxiliary switching elements Q1,Q2,Q3,Q4,Q5,Qs and the
capacitor C1 combine to selectively provide a voltage source, and the plurality of
auxiliary switching elements Q1,Q2,Q3,Q4,Q5,Qs are switchable to selectively switch the
capacitor C1 into and out of circuit between the first, second and additional terminals
36,38,50 so as to provide a voltage drop across: the first and second terminals 36,38; the
first and additional terminals 36,50; and the second and additional terminals 38,50.

The control unit 44 is configured to control switching of the main and auxiliary switching
elements Qs1,Qs2,Qs4,Q1,Q2,Q3,Q4,Q5,Qs i.€. to turn on and off each of the main and
auxiliary switching elements Qs1,Qs2,Qs4,Q1,Q2,Q3,Q4,Q5,Qs.

The above described operation of the current flow control circuit of Figure 1 applies

mutatis mutandis to the operation of the current flow control circuit of Figure 13.

During normal operation of the current flow control circuit, current 14,1514 flows in each of
the first, second and additional DC transmission lines 30,32,48. The control unit 44 turns
on the first, second and additional main switching elements Qs1,Qs2,Qs4 to permit flow of
current between the third terminal 40 and each of the first, second and additional
terminals 36,38,50. Meanwhile the control unit 44 switches the auxiliary switching
elements Q1,Q2,Q3,Q4,Q5,Qs to inhibit flow of current between the first, second and
additional terminals 36,38,50.

During transmission of power through the DC power transmission lines 30,32,48, at least
one of the DC power transmission lines 30,32,48 may carry a higher current than at least
one other of the DC power transmission lines 30,32,48 due to, for example, a variation in

conductor impedance between the DC power transmission lines 30,32,48.
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In order to carry out regulation of the current flows in the DC power transmission lines
30,32,48, the control unit 44 controls switching of the main and auxiliary switching
elements Qs1,Qs2,Qs4,Q1,Q2,Q3,Q4,Q5,Qs in an energy transfer mode. More specifically,
the control unit 44 in the energy transfer mode turns off at least one of the main switching
elements Qs1,Qs2,Qs4, turns on at least one other of the main switching elements
Qs1,Qs2,Qs4, and switches the capacitor C1 into circuit between at least two of the first,
second and additional terminals 36,38,50 to inject a voltage drop across at least one of:
the first and second terminals 36,38; the first and additional terminals 36,50; and the
second and additional terminals 38,50. Switching of the main and auxiliary switching
elements Qs1,Qs2, Qs4,Q1,Q2,Q3,Q4,Q5,Qs in this manner permits injection of the voltage
drop in at least one of the DC power transmission lines 30,32,48 so as to divert energy
from at least one of the DC power transmission lines 30,32,48 into at least one other of

the DC power transmission lines 30,32,48 via the current flow control module 42.

The inclusion of the additional terminal 48 and the additional main switching element Qs
therefore not only enables the current flow controller 34 to carry out regulation of current
flows in more than two DC power transmission lines 30,32,48, but also further increases
the number of configurations of the main and auxiliary switching elements
Qs1,Qs2,Qs4,Q1,Q2,Q3,Q4,Q5,Qs that allows the current flow controller 34 to perform the
abovementioned energy diversion and current flow regulation operations, thus further

enhancing the reliability of the current flow controller 34.

In this manner the current flow controller 34 of Figure 13 is configured to form a multi-
port current flow controller 34 that is capable of carrying out regulation of current flows in

the first, second and additional DC power transmission lines 30,32,48.

It is envisaged that, in other embodiments of the invention, the number of additional
terminals and/or the number of additional main switching elements may vary in order to
enable the current flow controller to carry out regulation of current flows in more than one

additional DC power transmission line.

It will be appreciated that the structure of the current flow control module 42 in the
embodiment shown is merely chosen to illustrate the working of the invention, and that
the current flow control module 42 shown in Figure 1 may be replaced by another type of
current flow control module that includes at least one auxiliary switching element and at
least one energy storage device, the or each auxiliary switching element and the or each

energy storage device combining to selectively provide a voltage source, the or each
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auxiliary switching element being switchable to selectively switch the or each energy

storage device into and out of circuit between the first and second terminals.
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CLAIMS

1. A current flow controller comprising:

first and second terminals being operatively connectable, in use, to first and
second DC power transmission media respectively;

a third terminal being operatively connectable, in use, to an electrical element, the
third terminal being electrically connected to each of the first and second terminals;

a main switching element, the main switching element being operatively
connected between the first and third terminals, the main switching element being
switchable to turn on to permit flow of current between the third terminal and the first
terminal and to turn off to inhibit flow of current between the third terminal and the first
terminal,

a current flow control module extending between the first and second terminals,
the current flow control module including at least one auxiliary switching element and at
least one energy storage device, the or each auxiliary switching element and the or each
energy storage device combining to selectively provide a voltage source, the or each
auxiliary switching element being switchable to selectively switch the or each energy
storage device into and out of circuit between the first and second terminals; and

a control unit configured to control switching of the main and auxiliary switching
elements in an energy transfer mode,

wherein the control unit in the energy transfer mode turns off the main switching
element and switches the or each energy storage device into circuit between the first and
second terminals to inject a voltage drop, in use, in the first DC power transmission
medium so as to divert energy from one of the DC power transmission media into the
other of the DC power transmission media via the current flow control module and

thereby carry out regulation of current flow in each DC power transmission medium.

2. A current flow controller according to Claim 1 including first and second main
switching elements, the first main switching element being operatively connected
between the first and third terminals, the second main switching element being
operatively connected between the second and third terminals, each main switching
element being switchable to turn on to permit flow of current between the third terminal
and the corresponding one of the first and second terminals and to turn off to inhibit flow
of current between the third terminal and the corresponding one of the first and second
terminals,

wherein the control unit in the energy transfer mode turns off one of the main

switching elements, turns on the other of the main switching elements and switches the
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or each energy storage device into circuit between the first and second terminals to inject
a voltage drop, in use, in one of the DC power transmission media so as to divert energy
from one of the DC power transmission media into the other of the DC power
transmission media via the current flow control module and thereby carry out regulation

of current flow in each DC power transmission medium.

3. A current flow controller according to any preceding claim further including:

at least one additional terminal being operatively connectable, in use, to an
additional DC power transmission medium, the third terminal being electrically connected
to the or each additional terminal;

wherein the current flow control module extends between the first, second and
additional terminals, the or each auxiliary switching element being switchable to
selectively switch the or each energy storage device into and out of circuit between the
first, second and additional terminals, and

wherein the control unit in the energy transfer mode turns off the main switching
element and switches the or each energy storage device into circuit between at least two
of the first, second and additional terminals to inject a voltage drop, in use, in the first DC
power transmission medium so as to divert energy from at least one of the DC power
transmission media into at least one other of the DC power transmission media via the
current flow control module and thereby carry out regulation of current flow in each DC

power transmission medium.

4, A current flow controller according to Claim 3 including at least one additional
main switching element, the or each additional main switching element being operatively
connected between the third terminal and the corresponding additional terminal, the or
each additional main switching element being switchable to turn on to permit flow of
current between the third terminal and the corresponding additional terminal and to turn
off to inhibit flow of current between the third terminal and the corresponding additional
terminal,

wherein the control unit in the energy transfer mode turns off at least one of the
main switching elements, turns on at least one other of the main switching elements and
switches the or each energy storage device into circuit between at least two of the first,
second and additional terminals to inject a voltage drop, in use, in at least one of the DC
power transmission media so as to divert energy from at least one of the DC power
transmission media into at least one other of the DC power transmission media via the
current flow control module and thereby carry out regulation of current flow in each DC

power transmission medium.
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5. A current flow controller according to any preceding claim wherein regulation of
current flow in each DC power transmission medium includes balancing the flows of

current in the DC power transmission media.

6. A current flow controller according to any preceding claim wherein regulation of
current flow in each DC power transmission medium includes limiting the flow of current

in one of the DC power transmission media.

7. A current flow controller according to any preceding claim wherein regulation of
current flow in each DC power transmission medium includes reducing the flow of current

in one of the DC power transmission media to zero.

8. A current flow controller according to any preceding claim wherein the or each
auxiliary switching element and the or each energy storage device combine to selectively

provide a unidirectional voltage source.

9. A current flow controller according to any preceding claim wherein the or each
auxiliary switching element and the or each energy storage device combine to selectively

provide a bidirectional voltage source.

10. A current flow controller according to Claim 9 wherein the control unit when in the
energy transfer mode is configured to control switching of the main and auxiliary
switching elements to selectively charge and discharge the or each energy storage
device and thereby regulate an energy level of the or each energy storage device.

11. A current flow controller according to any preceding claim wherein the current
flow control module includes a plurality of auxiliary switching elements, the plurality of
auxiliary switching elements and the or each energy storage device being connected in a

bridge arrangement, preferably a full-bridge or half-bridge arrangement.

12. A current flow controller according to Claim 11 wherein the current flow control
module includes a plurality of auxiliary switching elements and an energy storage device,
and the plurality of auxiliary switching elements are connected in parallel with the energy
storage device in a full-bridge arrangement to define a 4-quadrant bipolar module that
can provide a negative, zero or positive voltage and can conduct current in two

directions.
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13. A current flow controller according to Claim 11 or Claim 12 wherein the plurality of
auxiliary switching elements includes first and second pairs of auxiliary switching
elements and includes at least one additional pair of auxiliary switching elements, and
each pair of auxiliary switching elements are connected in parallel with the energy

storage device in the bridge arrangement.

14. A current flow controller according to Claim 11 wherein the current flow control
module includes a plurality of auxiliary switching elements and an energy storage device,
and the plurality of auxiliary switching elements are connected in parallel with the energy
storage device in a half-bridge arrangement to define a 4-quadrant bipolar module that
can provide a negative, zero or positive voltage and can conduct current in two

directions.

15. A current flow controller according to any preceding claim wherein the or each
main switching element includes at least one force-commutated switching device, and
the control unit is configured to control switching of the or each auxiliary switching
element of the current flow control module to perform forced-commutation of the or each

force-commutated switching device in the or each main switching element.

16. A current flow controller according to any preceding claim wherein the or each

main switching element is a bidirectional switching element.

17. A current flow controller according to any preceding claim wherein the or each

main switching element is configured to form a short circuit upon its failure.

18. A current flow control circuit comprising:

first and second DC power transmission media for connection to an electrical
element or to respective electrical elements; and

a current flow controller according to any preceding claim,

wherein the first and second terminals are operatively connected, in use, to the

first and second DC power transmission media respectively.
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