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START-UP OF HVDC NETWORKS

This application relates to methods and apparatus for start-up of voltage source
converters forming part of a high voltage power transmission/distribution network and
especially for methods and apparatus for energising a DC link between voltage source
converters, for example on initialisation of a DC link or re-start after a fault condition.

HVDC (high-voltage direct current) electrical power transmission uses direct current for
the transmission of electrical power. This is an alternative to alternating current
electrical power transmission which is more common. There are a number of benefits
to using HVDC electrical power transmission. HVDC is particularly useful for power
transmission over long distances and/or interconnecting alternating current (AC)
networks that operate at different frequencies.

A first station may therefore transmit electrical energy to a second station over one or
more DC transmission lines, e.g. overhead lines or subsea or buried cables. The first
station may generate the DC supply by conversion from a received AC input supply.
The second station then typically provides conversion back from DC to AC. Each of
the first and second stations may therefore typically comprise a converter for
converting from AC to DC or vice versa.

Initially HVDC power transmission systems tended to be implemented for point-to-point
transmission, i.e. just from the first station to the second station. Increasingly however
it is being proposed to implement HVDC power transmission on a mesh-network or DC
grid comprising a plurality of DC transmission paths connecting more than two voltage
converters. Such DC networks are useful, for example, in applications such as
electrical power generation from renewable sources such as wind farms where there

may be a plurality of sources that may be geographically remote.

To date most HVDC transmission systems have been based on line commutated
converters (LCCs), for example such as a six-pulse bridge converter using thyristor
valves. LCCs use elements such as thyristors that can be turned on by appropriate
trigger signals and remain conducting as long as they are forward biased.
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Increasingly however voltage source converters (VSCs) are being proposed for use in
HVDC transmission. VSCs use switching elements such as insulated-gate bipolar

transistors (IGBTs) that can be controllably turned on and turned off independently of
any connected AC system. VSCs are thus sometime referred to as self-commutating

converters.

Various designs are VSC are known. In one form of known VSC, often referred to as a
six pulse bridge, each valve connecting an AC terminal to a DC terminal comprises a
set of series connected switching elements, typically IGBTs, each IGBT connected with
an antiparallel diode. The IGBTs of the valve are switched together to connect or
disconnect the relevant AC and DC terminals, with the valves of a given phase limb
(i.e. the two valves that connect the two DC terminals respectively to the same AC
terminal) being switched in antiphase. By using a pulse width modulated (PWM) type
switching scheme for each arm, conversion between AC and DC voltage can be
achieved.

In another known type of VSC, referred to a modular multilevel converter (MMC), each
valve comprises a series of cells connected in series, each cell comprising an energy
storage element, such as a capacitor, and a switch arrangement that can be controlled
so as to either connect the energy storage element in series between the terminals of
the cell or bypass the energy storage element. The cells or sub-modules of a valve are
controlled to connect or bypass their respective energy storage element at different
times so as to vary over the time the voltage difference across the valve. By using a
relatively large number of sub-modules and timing the switching appropriately the valve
can synthesise a stepped waveform that approximates to a sine wave and which
contain low level of harmonic distortion. As will be understood by one skilled in the art
there are various designs of MMC. For example an MMC may be a half-bridge MMC
or a full bridge MMC. In a half-bridge MMC the energy storage element of a cell or
sub-module is connected with a half-bridge switch arrangement, which allows the
energy storage element to be bypassed or connected to provide a voltage of a given
polarity at the terminals of the cell. In a full-bridge MMC the energy storage element of
a cell or sub-module is connected with a full-bridge switch arrangement, which allows
the energy storage element to be bypassed or connected to provide a voltage of either
polarity at the terminals of the cell.
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In normal use the VSCs of the HVDC stations are typically controlled with reference to
the AC waveform of the relevant connected AC network to achieve a desired power
flow. One VSC may operated in voltage control to control the voltage of the DC lines,
with another VSC being controlled in a power control to control power flow.

In use the DC lines are thus charged to the relevant operating DC voltages. On initial
start-up of the DC network, or in some instances on re-start after a fault, it can
therefore be necessary to charge the DC lines up to the operating voltages.

Before start-up of the DC link, or following some fault conditions, the VSCs connected
to the DC network may be in a blocked, non-operational, state. Typically one VSC is
used as an energising converter and is de-blocked in voltage control mode and used to
charge the DC line(s), with the other converter(s) remaining in the blocked state. The
energising converter thus charges a DC line at its proximal end where the DC line may
effectively be open-circuited at its distal end. This can result in voltage oscillations in
the DC line that can result in a voltage magnitude at the distal end that is greater than 1
p.u. and which may significantly exceed the rated voltage of the DC link, which is
undesirable.

The embodiments of the present disclosure provide methods and apparatus which at
least mitigate such problems of oscillation.

Thus according to the present invention there is provided a method of controlling a
voltage source converter to energise a DC link comprising:

controlling the voltage source converter to generate a DC voltage on the DC link
based on a voltage order;

wherein the voltage order is based on a time varying voltage reference signal and
the rate of change of the voltage reference signal varies over time.

The method thus controls the VSC which is energising the DC link by generating a
voltage order based on a time varying voltage reference signal where the rate of
change of the voltage reference signal varies over time. In particular the rate of
change of the time varying voltage reference signal may decrease over time. The
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extent of any voltage oscillations on the DC link will depend on the rate of change of
voltage on the DC link and thus on the rate of change of the voltage reference signal
used to derive the voltage order. It has been appreciated however that during the first
stages of energising the DC link a faster rate of change may be tolerated as the DC link
will not yet be up to the full operating voltage and thus even with an oscillation
component an over-voltage on the DC link is unlikely. However as the DC voltage
increases the rate of change of the voltage may be reduced, i.e. to a more gradual rate
of change, so that the magnitude of any voltage oscillation at the distal end is reduced
and may, for example, by maintained within an acceptable safe operating limit.

The time varying voltage reference signal may comprise a ramp signal having a slope
that varies over time. The ramp signal may ramp from an initial value corresponding to
the voltage of the DC link when the voltage source converter is initially de-blocked to a
final value corresponding to the nominal voltage of the DC link.

The ramp signal may have a first slope for a first period and a second slope for a
second period following the first period, wherein the second slope is decreased, i.e.
more gradual, compared to the first slope. The second period may start when the ramp
signal reaches a predetermined threshold. There may be at least one additional period
subsequent to the second period, wherein the slope of the ramp signal in each period
is decreased from the slope in the previous period.

In some embodiments the method may also comprise monitoring DC current flow to
determine an indication of current oscillation; and generating the voltage order based
on the time varying voltage reference signal and an indication of DC current flow. For
example the rate of change of the time varying voltage reference signal could be
controlled based on the extent of any determined DC current oscillation. In some
embodiments the method may comprise modulating the time varying voltage reference
signal by the indication of current oscillation to provide oscillation damping.

Thus the DC current flow may be monitored to determine the extent of any oscillations
in current and the time varying voltage reference signal may be modulated based on
the indication of current oscillation to provide the voltage order. The voltage order is
thus effectively modulated to damp any oscillations in DC current at the VSC, which
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has the effect of damping any oscillations in voltage of the DC link, as will be explained

in more detail later.

The indication of current oscillation may be determined by filtering a signal indicative of
DC current flow, e.g. by filtering the DC current flow to identify an oscillation
component. Filtering the signal indicative of DC current flow may comprise applying at
least one of a band-pass filter and/or a high-pass filter. The pass-band or cut-off
frequency of the filter(s) is/are chosen to isolate the oscillation component.

In some embodiments the indication of current oscillation may be compared to a

reference current value.

A current controller may receive the indication of current oscillation and determine a
damping control signal for modulating the time varying voltage reference signal. In
some embodiments the current controller may be a proportional-integral controller,
although other types of controller may be used.

In some embodiments the value of the damping control signal may be controlled so as
not to exceed a predetermined limit. The predetermined limit may be fixed or, in some

embodiments, the predetermined limit may vary over time.

In one aspect there is provided a method of starting an HVDC system comprising a first
voltage source converter connected to at least a second voltage source converter by a
DC link. The method may comprise: de-blocking the first voltage source converter and
controlling the first voltage source converter according to the method as described in
any of the variants above whilst maintaining the second voltage source converter in a

blocked state; and subsequently de-blocking the second voltage source converter.

In another aspect there is provided machine readable code stored on a non-transitory
storage medium, the code comprising instructions for causing a suitable processor to
perform the method of controlling a VSC of any of the variants described above.

Aspects also relate to a control apparatus for controlling a voltage source converter to
energise a DC link comprising:
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a voltage order generating module for generating a voltage order for controlling
the voltage source converter to generate a DC voltage on the DC link based on a time
varying voltage reference signal; and

a voltage reference module for generating said time varying voltage reference

signal, wherein the rate of change of the voltage reference signal varies over time.

The control apparatus offers all of the same advantages and may be implemented in all
of the same variants as discussed with reference to the first aspect of the invention.

In particular the rate of change of the time varying voltage reference signal may
decrease over time. The voltage reference module may comprise a ramp generator for
generating a ramp signal with a slope that decreases over time. The ramp generator
may generate a signal that ramps from an initial value corresponding to the voltage of
the DC link when the voltage source converter is initially de-blocked to a final value
corresponding to the nominal voltage of the DC link.

The ramp generator may generate a ramp signal having a first slope for a first period
and a second slope for a second period following the first period, wherein the second
slope is decreased, i.e. more gradual, compared to the first slope. The ramp generaor
may be configured such that the second period may start when the ramp signal
reaches a predetermined threshold. There may be at least one additional period
subsequent to the second period, wherein the slope of the ramp signal in each period
is decreased from the slope in the previous period.

The voltage order generating module may comprise an oscillation damping module for
modulating the voltage reference signal based on the indication of current oscillation.

The oscillation damping module may comprise at least one filter configured to receive
and filter a signal indicative of DC current flow. The output of the filter may be the
indication of current oscillation. The at least one filter may comprise a band-pass filter
and/or a high-pass filter.

The control apparatus may comprise a current controller configured to receive the

indication of current oscillation and determine a damping control signal for modulating
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the time varying voltage reference signal. The current controller may be part of the
oscillation damping module. The current controller may comprise a proportional-
integral controller, although other types of controller may be used.

In some embodiments the control apparatus may comprise a limiter for limiting the
value of the damping control signal so as not to exceed a predetermined limit. The
predetermined limit may be fixed or, in some embodiments, the predetermined limit

may vary over time.
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The invention will now be described by way of example only, with reference to the
following drawings, of which:

Figure 1 illustrates an example of an HVDC power transmission/distribution network;

Figures 2a and 2b illustrate voltage oscillations that may be experienced when
energising a DC link with a half bridge MMC VSC and a full bridge MMC VSC

respectively;

Figure 3 illustrates a control apparatus for a VSC according to an embodiment of the

invention;

Figures 4a to 4d illustrate different examples of voltage reference signals; and

Figures 5a and 5b illustrated simulated DC voltages that would be experienced by
embodiments of the present invention.

Embodiments of the present invention relate to methods and apparatus for control of
voltage source converters (VSCs) for HVDC power transmission, and especially for
start-up of a DC link between two or more VSCs that mitigates the problems of voltage
oscillation on the DC link.

Figure 1 illustrates an example of an HVDC power transmission/distribution network
100. A first VSC 101ais connected to a first AC system 102a and a second VSC 101b
is connected to a second AC system 101b. The first and second VSCs are connected
by a DC link 103, which is this example comprises DC lines at opposite polarities DC+
and DC-. It will be understood however that other arrangements are possible, including
unipolar transmission. The first and second VSCs may be part of converter stations
which, in some installations, may be relatively far apart. Thus the DC link 103 may
comprise transmission lines, such as overhead transmission lines or buried or subsea

cables, that may be many kilometres in length in some examples.
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The HVDC network may comprise a point-to-point link with just the first and second
VSCs 101a and 101b. However in some applications there may be more than two
VSCs all connected to the same DC grid. Thus as illustrated in figure 1 there may be
at least a third VSC 101c connected to at least one of the first and second VSCs 101a
and 101b by DC transmission lines. The third VSC 101c is itself connected to an AC
system 102c, which in some embodiments may the same as one of the AC systems
102a or 102b or a different AC system.

At times there may be a need to start or restart the HVDC network 100, for example on
initial start-up of the network or following a fault. Typically to start the HVDC network at
least one of the AC networks will be operational but all the VSCs connected to the DC
link 103 will be in a blocked state and non-operational, as will be understood by one
skilled in the art.

In a typical start-up process one of the VSCs, say the first VSC 101a, is used to charge
the DC link before the other VSCs are started. Thus any DC breakers associated with
the first VSC 101a or its connection to the DC link may be closed. The first VSC 101a
may then be de-blocked and started in a voltage control mode to energise the
transmission lines of the DC link 103. The other VSC(s) connected to the DC link 103
is/are maintained in a blocked state, at least initially. This means that a DC voltage is
generated at the proximal end of the DC link to the first VSC 101a. The other end(s) of
the DC link, i.e. the distal ends at the blocked VSC(s), is/are effectively open circuit.

It has been found that such a start-up scheme can lead to undesirable voltage
oscillations in the DC link and especially at a distal end of the DC link.

Figure 2 illustrates the DC voltages experienced at the energising converter and at the
blocked converter for a simulated start-up of a point-to-point HVDC system, e.g. with a
first VSC 101a and a second VSC 101b. In this example the first VSC 101a is de-
blocked and used to charge the DC link whilst the second VSC 101b remains in a
blocked state.

Figure 2a shows the simulated results of DC voltage (p.u.) against time where the first
VSC 1014, i.e. the energising converter, is a half-bridge MMC. For a half-bridge MMC
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the switching arrangement is such that the DC link 103 can be charged to the
magnitude of the peak AC voltage received at the first VSC, as the DC lines can be
charged via the diodes of the half-bridge cells. Thus at the instant that the first VSC is
de-blocked the DC link will be partially charged to this peak AC voltage. The voltage of
the DC link may then be raised to the nominal operating voltage by operation of the first
VSC. As can be seen from figure 2a the voltage of the DC link at the energising
converter rises from the initial partially charged voltage to the nominal voltage.
However this leads to a significant voltage oscillation at the distal end of the DC link,
i.e. at the blocked second VSC 101b. It can be seen from figure 2a that this voltage
oscillation can result in a voltage magnitude that is significantly greater than the
nominal voltage of the DC link. This is undesirable.

Figure 2b illustrates shows the simulated results of DC voltage (p.u.) against time
where the first VSC 1014, i.e. the energising converter, is a full-bridge MMC. In this
example the at the instant that the first VSC is de-blocked the DC link will be at
substantially zero volts and thus the voltage of the DC link at the proximal end, i.e. at
the first VSC 101a, ramps from zero to nominal. It can be seen from figure 2b that this
results in a significant voltage oscillation at the distal end of the DC link, with a peak
magnitude that greatly exceeds the nominal DC voltage.

To reduce the extent of the voltage oscillation it is possible to ramp the voltage at the
first VSC, i.e. the energising converter, up from a starting value to the nominal value
over time. By more gradually increasing the voltage of the DC line the oscillations
experienced at the distal end may be reduced. However to keep the voltage
magnitude within acceptable limits may require the use of a relatively very gradual
ramp in voltage, which consequently can require a relatively long time to reach the
nominal voltage. In re-starting an HVDC network after a fault there is generally a
desire to return to normal operation as fast as possible and the time required for a
suitable voltage ramp, especially for a full-bridge VSC where the starting voltage is
zero, may be unduly long.

Embodiments of the present invention therefore provide methods and apparatus for
controlling a voltage source converter to energise a DC link that at least mitigates at
least some of the problems mentioned above. According to one embodiment the
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method comprises controlling the voltage source converter to generate a DC voltage
on the DC link based on a voltage order. The voltage order is based on a time varying
voltage reference signal which has a rate of change that varies over time. The rate of
change of the time varying voltage reference signal varies such that the rate of
increase of the voltage order decreases over time during the period of energising the
DC link. Typically this means that the rate of change of the time varying reference
signal will decrease over time, for instance a ramp generator may change the slope of
the ramp signal to decrease the slope.

Note that as used herein the term a rate of change that varies over time shall mean
that there is at least a first (non-zero) rate of change and at least a second (non-zero)
rate of change during the energising of the DC lines, for example the voltage reference
signal exhibits at least two different slopes of different and non-zero gradient before the
reference signal reaches the nominal value. Thus a ramp signal that ramps with a
single slope to a nominal value and then completely stops ramping would be a time
varying signal with a rate of change that varies (and instead is a time varying signal
with a single rate of change followed by a non-time varying signal).

It has been recognised that during such a start-up scheme there may be oscillations in
voltage at the distal end of the DC link, i.e. at the second VSC. It has also been
recognised that the voltage oscillation at the distal end of the DC link may depend, at
least partly, on the rate of increase of the voltage on the DC link. The maximum
voltage experienced at the distal end of the DC link can be reduced by using a voltage
ramp that becomes more gradual as the DC link is energised.

Figure 3 illustrates one embodiment of the invention. Figure 3 illustrates a voltage
order generating module 300 for generating a voltage order V4 for controlling the
voltage of the VSC during start-up and charging of the DC link. The voltage order is
based on a voltage reference signal Ry. In embodiments of the invention the voltage
reference signal Ry is a time varying signal, such a ramp signal, so as to increase the
voltage generated by the first VSC over time from a starting voltage, on de-blocking of
the VSC, to the nominal voltage. The voltage order generating module may therefore
have a voltage reference generating module 301 for generating the voltage reference
signal Ry.
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In some embodiments the time varying voltage reference signal may be a ramp signal
that ramps from the starting value to the value that corresponds to the nominal
operating voltage. In the example of figure 3 the voltage reference generation module
301 therefore comprises a ramp generator 306 which generates a suitable ramp signal
which is added to a value, P, indicative of the starting voltage, i.e. the pre-charged
voltage, of the DC link when the VSC is de-blocked, which for example may be zero for
a full bridge MMC and may be equal to the peak AC voltage for a half bridge MMC.

It would be possible to generate a ramp with a single continuous slope, i.e. rate of
increase in value with time, from the starting value to the nominal value. Figure 4a
illustrates for example how a voltage reference signal Ry could vary over time for a
half-bridge MMC. The reference signal starts at the value P, indicative of the voltage to
which the DC link has been pre-charged. The voltage reference signal value then
ramps continuously over a certain time until the nominal voltage is reached at a time t;.
For a full bridge MMC the starting voltage may be zero and thus the voltage reference
signal may ramp continuously from zero to the nominal voltage at a time t,, as
illustrated in figure 4b. It will be clear that a greater rate of increase, i.e. slope, would
be needed for the reference signal for a full bridge MMC compared to a half-bridge
MMC to reach nominal voltage in the same time, t,, from de-blocking the converter.

In embodiments of the invention however the rate of increase varies over time, i.e. the
slope of the ramp signal may vary over time. Using a time varying signal where the
rate of increase varies over time may help reduce the overall time to reach the nominal

operating voltage.

As noted above there is a general desire to be able to re-start the power network as
fast as possible after a fault. Embodiments of the present invention thus use a faster
rate of voltage increase during the initial stages of energising the DC link. As the DC
voltage level increases to within a certain proportion of the nominal voltage the rate of
change of the voltage order can be decreased so that the magnitude of any voltage
oscillations will also reduce, thus maintaining the voltage at the distal end within safe
limits. In this way the DC link can be energised relatively quickly but without
experiencing unacceptable voltage levels. The maximum voltage experienced may be
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reduced compared to a scheme that took the same time to energise the DC link but
used a single rate of change of the voltage reference signal.

Thus the slope (or gradient) of the ramp signal may thus decrease over time. In other
words when the first VSC is initially de-blocked a relatively high slope, i.e. a relatively
fast rate of increase with time, may be used. As mentioned above a faster rate of
change may lead to a greater amount of voltage oscillation, but in the early stages of
the start-up process the voltage will be oscillating about a relatively low value (i.e. the
DC component of the voltage will be relatively low) and thus the peak voltage
magnitude at the distal end of the DC link is unlike to exceed the nominal operating
voltage. As the DC component of the voltage increases however the rate of increase
may be reduced so as to reduce the extent of any voltage oscillation.

Figures 4c¢ and 4d illustrate time varying voltage reference signals with multiple slopes
as may be generated for a half-bridge and a full bridge MMC respectively according to
an embodiment of the invention. As illustrated in figure 4c the reference signal for a
half-bridge MMC starts at a value P, indicative of the voltage to which the DC link has
been pre-charged (as discussed above). Initially from when the converter is de-
blocked to a time t1 (which may be predetermined in terms of time or equivalently a
predetermined voltage value) the voltage reference signal ramps up with a first slope
which is relatively high, i.e. corresponds to a relatively fast rate of increase of voltage
with time. At time ty the slope decreases to a slower rate of increase. This means that
as the voltage order approaches the nominal operating voltage the rate of increase of
voltage is relatively slow and thus unlikely to induce more significant oscillations. At
time t; the nominal operating voltage is reached. Figure 4d illustrates a reference
signal that may be suitable for a full-bridge MMC where the starting voltage of the DC
link may be zero. Again when the converter is de-blocked the voltage reference signal
ramps up with a first slope which is relatively high, i.e. corresponds to a relatively fast
rate of increase of voltage with time. At time ty , which may correspond to a
predetermined time after de-blocking or a predetermined reference signal value, the
slope decreases to a slower rate of increase. In this example at time t. the slope
decreases again and the nominal voltage is reached at a time ts. Using multiple slopes
in this way may allow the nominal voltage to be reached faster and/or with lower
magnitude voltage oscillations than would be the case using a single ramp slope.
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It will of course be appreciated that figures 4c¢ and 4d illustrate periods of substantially
continuous slope. It would alternatively be possible to continually vary the rate of
change of the voltage reference signal such that a plot of voltage reference signal
value with time would be substantially curved. The particular function of change of
value of voltage reference signal with time may be chosen as desired and in some
embodiments may be configurable in use.

In some embodiments the voltage reference signal value could be changed in a
stepwise fashion for at least part of the period over which it varies. The average rate of
change over time could be kept constant to provide effectively a single slope or in
some embodiments the value of the step change and/or period between step changes
could be varied to provide a varying rate of increase.

It will also be appreciated that the time varying voltage reference signal has been
described as increasing in value over time, it would of course be possible to have a
negative ramp or decreasing value which is for example subtracted from a value to
provide the voltage order. The time varying voltage reference signal could also in
some embodiment be a combination of positive and negative ramp rates.

In some embodiments further reduction of oscillations in DC voltage at the distal end of
the DC link may be achieved by damping oscillations in current at the proximal end, i.e.
at the energising converter. Thus the DC current at the first VSC, i.e. the energising
VSC, may be monitored to determine the extent of any oscillations in DC current. A
current control loop then provides a damping control signal for modifying the voltage
order used to control the voltage source converter.

Referring back to figure 3, in some embodiments there is also an oscillation damping
module 302, e.g. a control loop, for modulating the voltage order V4 in order to provide
damping of any voltage oscillations. In the example illustrated in figure 3 the oscillation
damping module determines the extent of any oscillations in DC current flow at the first
VSC and modulates the voltage reference signal Ry to provide the voltage order Vor.
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To provide the indication of current oscillation the DC current flow at the first VSC may
be monitored and filtered by a filter 303 to isolate the component of any current
oscillations. The filter 303 may be a band-pass filter with a pass band at the
frequencies of interest for the expected current oscillations. Additionally or alternatively
a high-pass filter could be used, for example with a cut-off frequency of the order of
about a decade lower than the expected oscillation frequency.

In some embodiments, the difference between the oscillating current component, e.g.
the output of the filter 303, and a reference current value R, is used as the indication of
current oscillation. For start-up of the DC link the reference current value will typically
be zero and thus if the oscillation damping module 302 is used only for start-up the
output of the filter may be used directly to provide the indication of current oscillation.

This indication of the DC current oscillation may then be input to a current controller
304. The current controller determines an appropriate damping control signal D for
modulating the time varying reference signal Ry to give a voltage order Vg which
provides damping. The current controller may for example be a proportional-integral
(P1) controller as would be understood by one skilled in the art. Other types of current
controller, i.e. other control techniques, could be used instead however. The input to
the current controller 304 is effectively an error signal indicating the extent of any
unwanted current oscillation in the DC current. The controller thus determines a
suitable correction signal to be applied to the voltage order. The current controller is
thus part of an oscillation damping current control feedback loop.

In some embodiments it may be desirable to limit the amount of voltage correction
applied for oscillation damping. For example for a half-bridge MMC the voltage order
should not be lower than the peak voltage of the AC voltage received by the VSC.
Thus the amount of voltage correction applied may be limited by a limiter 305 so that
the resultant voltage order remains valid. In other words the maximum (or minimum
depending on the exact implementation) magnitude of the damping control signal D
may be limited. If the damping control signal D does not exceed the relevant limit then
it may be used directly, however if it exceeds the relevant limit then the signal may be

limited to the maximum permissible value.
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In some embodiments the limit(s) applied by limiter 305 may be fixed, i.e. non-varying,
for example predetermined based on the particular VSC. In some embodiments
however the limit(s) applied by limiter 305 may vary dynamically over time. For
instance the limiter may allow a greater amount of voltage correction during the start-up
process than would be applied in subsequent steady state operation.

The oscillation damping module 302 thus determines the extent of any oscillation in DC
current at the first VSC and determines a suitable damping control signal D that
modulates the voltage order V.4 to damp the current oscillations and hence the voltage
oscillations at the distal end of the DC link.

In the example of figure 3 the voltage damping control signal is combined with the
voltage reference signal Ry to provide the voltage order, e.g. by adding the two signals.
As mentioned above increasing the voltage of the DC link more gradually over time
reduces the amount of oscillation at the distal end of the DC link. However the
presence of the oscillation damping module 302 means that an overall time to reach
nominal voltage can be quicker than otherwise would be the case for a given tolerance
of voltage oscillation. In other words the combination of the oscillation damping module
with a time varying voltage reference signal having a slope that varies over time
provides good control over any voltage oscillation whilst also reaching nominal
operating voltage relatively quickly.

As mentioned above the voltage reference signal is then combined with the damping
control signal and used to generate the voltage order Vog. The voltage order is then
provided to the switching control 307 of the VSC to control the operation of the VSC.

It will therefore be understood that the voltage order generating module 300 illustrated
in figure 3 is thus part of the control apparatus of the VSC that control the switching of
the cells of the VSC. The methods of embodiments of the present invention thus
control the operation of the VSC itself, and do not require external component such as
active filters.

It should be noted that as used herein the term “module” in reference to the control
apparatus of the VSC (e.qg. the voltage order generating module 300, the oscillation
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damping module 302 or voltage reference generating module 301) refers to a
functional unit that performs the stated purpose in use. Unless otherwise specified a
module may be implemented as a hardware module or a software module or a
combination of both. By software module is meant a module that is implemented by a
suitable processor performing instructions stored as machine readable code. The
module may comprise at least some dedicated circuitry and/or a dedicated processor
but additionally or alternatively may make use of some generic processor or FPGA
array or the like. Some elements may be shared between the modules and/or between
a module illustrated in figure 3 and some other component of the VSC and the
reference to a module does not require that the components of the module are
physically co-located. Likewise the filter 303, current controller 304, limiter 305, and
ramp generator 306 may each be implemented by hardware or software or a
combination of both and may comprise at least some dedicated circuitry and/or a
dedicated processor but additionally or alternatively may make use of some generic
processor or FPGA array or the like.

To demonstrate the principles of the various embodiments start-up of a point-to-point
HVDC link between a first VSC and a second VSC was simulated, e.g. a link between
VSC 101a and VSC 101b illustrated in figure 1, where the energising VSC was started
as described above with respect to figure 3.

Figure 5a illustrates how the DC voltage varies over time where the first VSC, which is
de-blocked and used to energise the DC link, is a half bridge MMC (and the second
VSC remains blocked). It can be seen that the extent of any voltage oscillation is
substantially reduced compared to the result illustrated in figure 2a and the maximum
voltage magnitude experienced is not substantially greater than the nominal operating
voltage.

Figure 5b illustrates the simulated results where the first VSC, which is de-blocked and
used to energise the DC link, is a full bridge MMC and a ramp signal with multiple
slopes is used for the voltage reference signal. Again it can be seen that the extent of
any voltage oscillation is substantially reduced compared to the result illustrated in
figure 2b and the maximum voltage magnitude experienced is not greater than the

nominal operating voltage.
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In general therefore embodiments of the invention relate to methods and apparatus for
controlling a VSC that allow for relatively rapid charging of a DC link for HVDC. By
using a time varying voltage reference signal to generate a voltage order and by also
applying current oscillation damping the peak voltage magnitude of the DC link during
charging can be kept with acceptable limits whilst not requiring an unduly slow start-up
process. The use of multiple slopes for the voltage reference signal can help reduce
the time required to reach nominal voltage whilst avoiding voltages significantly above

the nominal voltage.

Embodiments also relate to a high-voltage direct current transmission system
comprising at least first and second voltage source converters connected to a DC link.
On start-up or re-start the first VSC may be de-blocked and operated as described
above whilst the second VSC is maintained in a blocked state. After the DC link has
been charged the second VSC (and any other VSCs) may be de-blocked.

The embodiments above have been described mainly with reference to MMC type
VSCs. The methods and apparatus are applicable to any type of VSC however as the
method simply generates a suitable voltage order.

It should be noted that the above-mentioned embodiments illustrate rather than limit
the invention, and that those skilled in the art will be able to design many alternative
embodiments without departing from the scope of the appended claims. The word
“comprising” does not exclude the presence of elements or steps other than those
listed in a claim, “a” or “an” does not exclude a plurality, and a single feature or other
unit may fulfil the functions of several units recited in the claims. Any reference signs in

the claims shall not be construed so as to limit their scope.
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CLAIMS

A method of controlling a voltage source converter to energise a DC link

comprising:

controlling the voltage source converter to generate a DC voltage on the DC link
based on a voltage order;

wherein the voltage order is based on a time varying voltage reference signal and
the rate of change of the voltage reference signal varies over time.

A method as claimed in claim 1 wherein the rate of change of the time varying

voltage reference signal decreases over time.

A method as claimed in claim 1 or claim 2 wherein the time varying voltage

reference signal comprises a ramp signal having a slope that varies over time.

A method as claimed in claim 3 wherein the ramp signal ramps from an initial
value corresponding to the voltage of the DC link when the voltage source
converter is initially de-blocked to a final value corresponding to the nominal
voltage of the DC link.

A method as claimed in claim 3 or claim 4 wherein the ramp signal has first slope
for a first period and has a second slope for a second period following the first
period, wherein the second slope is decreased compared to the first slope.

A method as claimed in claim 5 wherein the second period starts when the ramp
signal reaches a predetermined threshold.

A method as claimed in claim 5 or claim 6 wherein there is at least one additional
period subsequent to the second period, wherein the slope of the ramp signal in
each period is decreased from the slope in the previous period.

A method as claimed in any preceding claim further comprising monitoring DC

current flow to determine an indication of current oscillation; and
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generating the voltage order based on the time varying voltage reference signal
and an indication of DC current flow.

A method as claimed in claim 8 comprising modulating the time varying voltage
reference signal by said indication of current oscillation to provide oscillation
damping.

A method as claimed in claim 8 or claim 9 wherein the indication of current

oscillation is determined by filtering a signal indicative of DC current flow.

A method as claimed in claim 10 wherein filtering the signal indicative of DC
current flow comprises applying at least one of a band-pass filter and a high-pass
filter.

A method of starting an HVDC system comprising a first voltage source converter

connected to at least a second voltage source converter by a DC link, the method

comprising:

de-blocking the first voltage source converter and controlling the first voltage
source converter according to the method of any of the preceding claims
whilst maintaining the second voltage source converter in a blocked state;
and

subsequently de-blocking the second voltage source converter.

Machine readable code stored on a non-transitory storage medium, the code
comprising instructions for causing a suitable processor to perform the method of
any of claims 1 to 11.

Control apparatus for controlling a voltage source converter to energise a DC link

comprising:

a voltage order generating module for generating a voltage order for controlling
the voltage source converter to generate a DC voltage on the DC link
based on a time varying voltage reference signal; and
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a voltage reference module for generating said time varying voltage
reference signal, wherein the rate of change of the voltage reference

signal varies over time.

15.  Control apparatus as claimed in claim 14 wherein said voltage reference module
comprises a ramp generator for generating a ramp signal with a slope that

decreases over time.
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