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(57) Abstract: This application relates to methods and ap-
paratus for voltage balancing of voltage source converters
(VSCs) and especially for voltage balancing of clamp capa-
citors of a director switch of a VSC. Typically a director
switch (104) of a VSC (100) comprises a plurality of series
connected director switch units (200; 200-1 - 200-n) each
comprising a semiconductor switching element (110). In
some VSC designs each director switch units also has an as-
sociated clamp capacitor (202). The method of controls in-
volves switching the semiconductor switching elements of
the director switch units to transition the director switch
between conducting and non-conducting states where the
timing of switching of a semiconductor switching element is
based on the voltage level (Vo - Va)of the associated clamp
capacitor and also the degree of any voltage imbalance
between the clamp capacitors of the director switch units. A
control apparatus (901) may determine suitable switching
control signals (CNT,; - CNT,). The technique is particularly
applicable where a floating power supply (205) draws power
from the clamp capacitor.
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VOLTAGE BALANCING OF VOLTAGE SOURCE CONVERTERS

This application relates to a voltage source converter and to methods and apparatus
for control of a director switch of a voltage source converter for voltage balancing, and
especially to a voltage source converter for use in high voltage power distribution and
in particular to a voltage source converter having converter arms with a director

switch having multiple switching elements each having an associated clamp capacitor.

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.

In order to use HVDC electrical power transmission, it is typically necessary to convert
alternating current (AC) to direct current (DC) and back again. 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 and current remains flowing. In LCCs
the converter relies on the connected AC voltage to provide commutation from one

valve to another.

Increasingly however voltage source converters (VSCs) are being proposed for use in
HVDC transmission. HVDCs 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 sometimes referred to as self-commutating

converters.

VSCs typically comprise multiple converter arms, each of which connects one DC
terminal to one AC terminal. For a typical three phase AC input/output there are six
converter arms, with the two arms connecting a given AC terminal to the high and low

DC terminals respectively forming a phase limb. Each converter arm comprises an
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apparatus which is commonly termed a valve and which typically comprises a plurality

of elements which may be switched in a desired sequence.

In one form of known VSC, often referred to as a six switch converter, each valve
comprises a set of series connected switching elements, typically insulated gate
bipolar transistors (IGBTs) connected with respective antiparallel diodes. The IGBTs
of the valve are switched together to electrically connect or disconnect the relevant
AC and DC terminals, with the valves of a given phase limb typically being switched in
anti-phase. By using a pulse width modulated (PWM) type switching scheme for each

arm, conversion between AC and DC voltage can be achieved.

Inanother known type of VSC, referred to a modular multilevel converter (MMC), each
valve comprises a chain-link circuit having a plurality 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 between the terminals of the cell or bypass the energy storage element. The
cells are sometimes referred to as sub-modules, with a plurality of cells forming a
module. The sub-modules of a valve are controlled to connect or bypass their
respective energy storage elements at different times so as to vary over the time the
voltage difference across the plurality of cells. 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 desired waveform, such as a sine wave, to
convert from DC to AC or vice versa with low levels of harmonic distortion. As the
various sub-modules are switched individually and the changes in voltage from
switching an individual sub-module are relatively small a number of the problems

associated with the six switch converter are avoided.

In the MMC design each valve is operated continually through the AC cycle with the
two valves of a phase limb being switched in synchronism to provide the desired

voltage waveform.
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Recently a variant converter has been proposed wherein a chain-link of a series of
connected cells is provided in a converter arm for providing a stepped voltage
waveform as described, but each converter arm is turned off for at least part of the
AC cycle. Thus the plurality of series connected cells for voltage wave-shaping are
connected in series with an arm switch, referred to as a director switch, which can be
turned off when the relevant converter arm is in the off state and not conducting.
Such a converter has been referred to as an Alternate-Arm-Converter (AAC). An

example of such a converter is described in W02010/149200.

Figure 1 illustrates a known Alternate-Arm-Converter (AAC) 100. The example
converter 100 has three phase limbs 101a-c, each phase limb having a high side
converter arm connecting the relevant AC terminal 102a-c to the high side DC terminal
DC+ and a low side converter arm connecting the relevant AC terminal 102a-c to the
low side DC terminal DC-. Each converter arm comprises a circuit arrangement 103 of
series connected cells, the arrangement 103 being in series with an arm switch 104
and inductances 105. It will be noted that figure 1 illustrates a single arm inductance
but one skilled in the art will appreciated that the arm inductance may in practice be

distributed along the arm between the AC and DC terminals.

The circuit arrangement 103 comprises a plurality of cells 106 connected in series.
Each cell 106 has an energy storage element that can be selectively connected in series
between the terminals of the cell or bypassed. In the example shown in figure 1 each
cell 106 has terminals 107a, 107b for high-side and low-side connections respectively
and comprises a capacitor 108 as an energy storage element. The capacitor 108 is
connected with cell switching elements 109, e.g. IGBTs with antiparallel diodes, to
allow the terminals 107a and 107b of the cell to be connected via a path that bypasses
capacitor 108 or via a path that includes capacitor 108 connected in series. In the
example illustrated in figure 1 each cell comprises four cell switching elements 109 in
a full H-bridge arrangement such that the capacitor can be connected in use to provide

either a positive or a negative voltage difference between the terminals 107a and
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107b. In some embodiments however at least some of the cells may comprise
switching elements in a half bridge arrangement such that the capacitor can be
bypassed or connected to provide a voltage difference of a given polarity. The circuit
arrangement 103 of such series connected cells can thus operate to provide a voltage
level that can be varied over time to provide stepped voltage waveform for wave-
shaping as discussed above. The circuit arrangement 103 is sometimes referred to as
a chain-link circuit or chain-link converter or simply as a chain-link. In this disclosure
the circuit arrangement 103 of such series connected cells for providing a controlled

voltage shall be referred to as a chain-link.

In the AAC converter the chain-link 103 in each converter arm is connected in series
with an arm switch 104, which will be referred to herein as a director switch, which
may comprise a plurality of series connected arm switching elements 110. The
director switch of a converter arm may for example comprise high voltage elements
with turn-off capability such as IGBTs or the like with antiparallel diodes. When a
particular converter arm is conducting, the chain-link 103 is switched in sequence to
provide a desired waveform in a similar fashion as described above with respect to the
MMC type converter. However in the AAC converter each of the converter arms of a
phase limb is switched off for part of the AC cycle and during such a period the director

switch 104 is turned off.

When the converter arm is thus in an off state and not conducting the voltage across
the arm is shared between the director switch and the chain-link circuit. Compared
to the MMC type VSC the required voltage range for the chain-link of each converter
arm of an AAC type converter is thus reduced, with consequent savings in the cost and

size of the converter.

As mentioned above the director switch 104 is typically formed from a plurality of
series connected IGBTs. The IGBTSs are typically connected in parallel with a balancing
resistor for static voltage sharing between the individual switching elements of the

director switch. In addition there may be a clamp snubber circuit located next to the
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IGBT to mitigate voltage overshoot during a turn-off transient event which comprises

a capacitor and diode.

One issue that can arise in such an arrangement is a voltage imbalance across the
switch elements of the director switch, e.g. the IGBTs and the associated clamp

capacitors.

The present disclosure thus relates to methods and apparatus for control of voltage

source converters that address issues of voltage imbalance.

Thus according to the present invention there is provided a method of controlling a
director switch of a voltage source converter wherein the director switch comprises a
plurality of series connected director switch units each comprising a semiconductor
switching element and an associated clamp capacitor connected across the

semiconductor switching element, the method comprising:

switching the semiconductor switching elements of the director switch units to

transition the director switch between conducting and non-conducting states;

wherein the timing of switching of a semiconductor switching element is based
on the voltage level of the associated clamp capacitor and the degree of any voltage

imbalance between the clamp capacitors of the director switch units.

Thus the timing of switching of the switching elements of the director switch is based
on both the voltage level of the clamp capacitor associated with that switching
element and also the degree of any voltage imbalance between the clamp capacitors
or IGBTs. As will be explained in more detail below, in the event that there is no
significant voltage imbalance the switching elements of the director switch may be
switched substantially simultaneously. However if a significant voltage imbalance
exists then those switching elements associated with clamp capacitors having a lower
voltage level may be turned off earlier and/or turned on later than those switching

elements associated with clamp capacitors having a higher voltage levels. In essence
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the timing of switching of the various switching elements of the director switch is

controlled in accordance with how much voltage balancing is needed.

As will be described in more detail below various techniques for voltage balancing
have been previously proposed, but such techniques may not be appropriate for
configurations where the director switch unit includes a clamp capacitor connected in

parallel with a switching element.

In some embodiments each director switch unit may further comprise a self-powered
floating power supply configured to draw power, in use, from the clamp capacitor.
The use of a floating power supply to draw power from the clamp capacitor is a
complicating factor that further means the previously proposed techniques for voltage

balancing may not be appropriate.

The method may comprise turning-off the semiconductor switching elements of the
director switch units, i.e. to transition the director switch from a fully conducting state
(all switching elements turned on) to a fully non-conducting state (all switching

elements turned off).

The method may therefore involve, at a first turn-off time, turning off a first set of
semiconductor switching elements. The first set of semiconductor switching elements
comprises the semiconductor switching element having the associated clamp
capacitor having the lowest voltage level and any semiconductor switching element
having an associated clamp capacitor with a voltage level within a predetermined
range of the lowest voltage level. The first set may therefore contain just a single
semiconductor switching element that switching element is associated with a clamp
capacitor with a voltage which is significantly lower than all the others. In some
instances however the first set of switching elements turned off at the first turn off
time may contain a plurality of switching elements. If all the clamp capacitor voltages
are within the predetermined range, i.e. there is no significant voltage imbalance, then

the first set may contain all the switching elements of the director switch.
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In the event that not all semiconductor switching elements are turned off as part of
the first set at the first turn-off time, the method may comprise progressively turning
off the switching element having the associated clamp capacitor having the lowest
voltage level of all switching elements that are still on at the earliest of (i) a voltage
across that semiconductor switching element reaching a level which is within a
predetermined range of the voltage level of the clamp capacitor associated with that
semiconductor switching element or (ii) the voltage across the director switch
reaching a limit based on the number of semiconductor switching elements that are

presently turned off.

In other words a semiconductor switching element is turned off once the voltage
across that switching element reaches the level of the associate clamp capacitor
voltage. However the semiconductor switching element with the lowest clamp
capacitor voltage level may be turned off before that point if the number of switching
elements turned off is not sufficient to support the voltage across the whole director

switch.

In some types of VSC the director switch may be connected in series in a converter
arm with a chain-link circuit for voltage wave-shaping. In which case the method may
comprise modulating a voltage generated by the chain-link circuit during the transition
the director switch from a conducting state to a non-conducting state. The chain-link
voltage may be modulated to increase the rate of voltage increase across the director

switch after a given semiconductor switching element has been turned off.

Additionally or alternatively to controlling the turn-off of the director switch in some
embodiments the method may comprise turning-on the semiconductor switching
elements of the director switch units to transition the director switch from a fully non-

conducting state to a fully conducting state.

The director switch may be controlled so as to be fully conductive at an on-time.

However the transition from being fully non-conducting may in some instances start
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before this on-time. Thus in some embodiments starting at a first transition start time
(i.e. a first possible start time for the transition) and continuing to the on-time, the
method may involve monitoring the voltage levels of the clamp capacitors to
determine whether the difference between a highest and a lowest voltage level
exceeds a predetermine threshold, i.e. monitoring for any significant voltage
imbalance. In the event that (i) this monitored difference does exceed the threshold
and (ii) a voltage across the director switch is low enough to allow turn on of a
semiconductor switching element, the method may comprise turning on the
semiconductor switching element associated with the clamp capacitor having the

highest voltage level.

As noted above, by the on-time the director switch should be fully conducting and
thus the method may involve, at the on-time, turning on all semiconductor switching

elements that are presently turned off.

In the event that a semiconductor switching element is turned on before the on-time,
the method may comprise determining whether a voltage level of a clamp capacitor
associated with a semiconductor switching element that is still turned off exceeds a
voltage value for the clamp capacitors associated with the semiconductor switching
elements that have been turned on and, if so, then provided that a voltage across the
director switch is low enough to allow turn on of a semiconductor switching element
the method comprises turning said semiconductor switching element on. The voltage
value for the clamp capacitors associated with the semiconductor switching elements
that have been turned on may comprise one of: a highest voltage level and an average

voltage level, or any other combination that reflects the level of unbalance.

In other words if a first semiconductor switching element which is still turned off (and
thus has a voltage difference across it) has a clamp capacitor voltage level which
exceed the minimum or average voltage of the clamp capacitors of those switching
elements that have been turned on (and thus have no voltage difference across them)

then the first semiconductor switching element may be turned on (provided sufficient
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switching elements remain off to support the voltage across the whole director switch)

to avoid any increase in voltage imbalance.

As noted above in some VSCs the director switch may be connected in series in a
converter arm with a chain-link circuit for voltage wave-shaping. The method may
comprise modulating a voltage generated by the chain-link circuit during the transition
of the director switch from the non-conducting state to the conducting state. For
instance the chain-link voltage may be modulated to decrease the rate of voltage
decrease across the director switch after a given semiconductor switching element

has been turned on.

In some embodiments however the method of voltage balancing may be applied
during the turn-off of the director switch, i.e. the transition from fully conducting to
fully non-conducting, but once the director switch is fully non-conducting, and the
voltage across the director switch reaches a peak level, the chain-link in series with
the director switch may be modulated to maintain the voltage across the director
switch at this level until just before the director switch is turned on to become fully
conducting. Thus the method may comprise modulating a voltage generated by the
chain-link circuit during a period in which the director switch is off such that a voltage
across the director switch increases during a first period to a peak value and then is

maintained at substantially said peak value during a second period.

Aspects of the present invention also provide a control apparatus for controlling a
director switch of a voltage source converter having a plurality of series connected
director switch units each comprising a semiconductor switching element and an
associated clamp capacitor connected across the semiconductor switching element,

wherein the control apparatus is configured to:

receive an indication of the voltage level of the associated clamp capacitors of

the director switch units; and
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generate switching control signals for controlling switching the semiconductor
switching elements of the director switch units to transition the director switch

between conducting and non-conducting states;

wherein the timing of switching of a semiconductor switching element is based
on the voltage level of the associated clamp capacitor and the degree of any voltage

imbalance between the clamp capacitors of the director switch units.

The control apparatus may be arranged to operate the director switch according to

the method of any of the variants described above.

The control apparatus may be configured to receive, from each director switch unit,
repeated measurements of the voltage level of the associated clamp capacitor
throughout a period of a director switch transition as said indication of the voltage
level of the associated clamp capacitors of the director switch units. In order words
data about the measured voltage level of the clamp capacitors may be provided by
each director switch unit to the control apparatus so that the control apparatus can
monitor the evolution of the voltages of the clamp capacitors of the director switch
units. Such measurements may be made and communicated relatively continuously,
at least during the period before and during a transition of the director switch where

voltage balancing may be applied.

In some instances however it may be preferred to avoid the need for communicating
so much data. Thus in some embodiments the control apparatus may be configured
to receive, from each director switch unit, a measurement of the voltage level of the
associated clamp capacitor prior to a director switch transition as said indication of
the voltage level of the associated clamp capacitors of the director switch units. In
such a case the switching control signals generated by the control apparatus may
comprise a control signal for a director switch unit to turn on or off at a particular
clamp voltage level, i.e. an activation level. In some embodiments the control

apparatus may be configured to predict a voltage evolution for the voltages of the

10
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director switching units based on said received measurement of the voltage level of
the associated clamp capacitors of the director switching units and to generate the
switching control signals based on the predicted voltage evolution. The prediction
may be based on a single measurement made before the relevant transition. In some
embodiments however the control apparatus may be configured to update the
predicted voltage evolution based on one or more measurements of the voltage level
of the clamp capacitors of the director switching units received during the period of a

director switch transition.

Aspects also relate to a converter arm apparatus for a voltage source converter
comprising: a director switch comprising a plurality of series connected director switch
units each comprising a semiconductor switching element and an associated clamp
capacitor connected across the semiconductor switching element; and a control

apparatus as described above.

Each director switch unit may further comprise a floating power supply configured to

draw power, in use, from the clamp capacitor.

The converter arm apparatus may further comprise a chain-link circuit for voltage

wave-shaping in series with the director switch.

Aspects also relate to a voltage source converter comprising at least one phase limb
having two converter arms, each converter arm comprising a converter arm apparatus

as described.

The invention will now be described by way of example only with respect to the

accompanying drawings, of which:

Figure 1 illustrates one example of an alternate-arm-converter (AAC) type voltage

source converter (VSC);

11
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Figure 2 illustrates one example of circuitry associated with a switching element of a

director switch of a VSC;

Figure 3a and 3b illustrate voltage and switching control waveforms respectively for

first and second techniques for voltage balancing of a director switch;

Figures 4a and 4b illustrate results of simulating the first and second techniques

illustrated in figures 3a and 3b;

Figure 5 illustrates voltage and switching control waveforms respectively for a
technique for voltage balancing of a director switch according to an embodiment of

the invention;

Figures 6a and 6b illustrate further voltage and switching control waveforms for the

method according to an embodiment of the present invention;

Figure 7 illustrate results of simulations using a voltage balancing technique according

to an embodiment;

Figure 8 illustrates voltage and switching control waveforms for voltage balancing of

a director switch according to another embodiment of the invention; and

Figure 9 illustrates director switch control apparatus according to an embodiment.

As mentioned above some types of voltage source converter (VSC), such as the
alternate-arm-converter (AAC) illustrated in figure 1, comprise an arm switch 104 in a
converter arm of the VSC for switching the converter arm between being conductive
or non-conductive during the power cycle. Such an arm switch is referred to herein
as a director switch. To provide the necessary voltage rating the director switch will
typically comprise a plurality of switching elements 110 such as IGBTs connected in

series.

12
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In use the director switch of a converter arm may be turned off for part of the power
cycle. In the AAC type converter, where each converter arm comprises a director
switch 104 in series with a chain-link circuit 103 for voltage wave-shaping, the director
switch of a converter arm is turned off at a desired point in the power cycle. In normal
operation the director switch is turned off (or on) at a point when the chain-links of
the converter arms of the phase limb are providing suitable voltages such that the
voltage across the director switch being turned off (or on) is substantially zero. The
two converter arms of a phase limb are also controlled together so that in normal
operation there is substantially no current through the director switch at the point at

which it is turned-off.

Once turned off the voltage across the director switch increases as the voltage at the
AC terminal of the phase limb varies. To ensure correct voltage sharing between the
various switching elements of the director switch there is typically a balancing resistor
connected in parallel with each switch element. Additionally there is typically a clamp
snubber circuit comprising at least a capacitor and a diode to mitigate voltage

overshoot during a turn-off transient event.

Figure 2 illustrates one example of a director switch unit 200 associated with an
individual switching element 110 of a director switch. As used herein the term director
switch unit shall be used to refer to an individual switching element 110 and its
associated circuitry. The switching element 110 comprises a semiconductor switching
element such as an IGBT with antiparallel diode. In parallel with the IGBT 110 is a
balancing resistor 201. A clamp snubber circuit comprises clamp capacitor 202
connected in parallel with the IGBT 110 via snubber diode 203. The IGBT 110 is

controlled by local control electronics 204 including a suitable gate driver.

It will be appreciated that figure 2 only illustrates those components that are of
interest for the present disclosure and in practice there may be many additional
components and circuitry associated with the individual switching elements of the

director switch such as crowbar circuits or surge arrestors for example.

13
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Recently it has been proposed that the local control electronics may be powered by a
floating power supply 205 that draws power from the capacitor 202 that forms part of
the clamp snubber circuit. In the example illustrated in figure 2 the floating power
supply 205 thus comprises a first DC-DC 206 converter for converting from the high
voltage across the IGBT/clamp capacitor 202 to an intermediate voltage and a second
DC-DC converter 207 for converting to a low voltage suitable for powering the control
electronics 204, e.g. gate driver, for the IGBT 110. The floating power supply may also
comprise some long term energy storage 208 such as a suitable capacitor arrangement
for providing power during fault events where there may temporarily be no voltage

across the director switch.

The floating power supply 205 typically exhibits a constant power load characteristic,
due to the control loop of the DC-DC converters 206 and 207 which keep the output
voltage constant regardless of any variation in input voltage. Therefore, if the load
current demanded by the gate driver of the control electronics 204 remains constant,
as it is typically the case, the input current demanded by the floating power supply
205 will change to keep a constant product of voltage V and current |, i.e. a constant
V*| product. Thus if the input voltage to the floating power supply, i.e. the voltage
across the clamp capacitor 202, increases or decreases, the input current will

proportionally decrease or increase respectively.

It has been appreciated that this effect can contribute to any imbalance in voltage
across the IGBTs and corresponding clamp capacitors of the director switch units of
the director switch. If the voltage across a given IGBT 110 or its associated clamp
capacitor 202 decreases then a greater current will be demanded by the floating
power supply, which will contribute to a further voltage decrease. Conversely if the
voltage across the IGBT/clamp capacitor is increasing then the input current
demanded by the floating power supply will decrease, thus contributing to a further

increase in the voltage across the IGBT/clamp capacitor.

14
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Due to the relatively small capacitance of the clamp capacitor 202, which may for
instance be of the order of 1 uF, this effect may be significant. It has been found that
for a director switch formed from director switch units which include a floating power
supply arranged to take power from the clamp capacitor, then any component
mismatch between the director switch units, e.g. between the voltage balancing
resistors associated with different IGBTs, or any difference in the instantaneous
voltage across the director switch units can lead to a relatively large voltage imbalance
being generated over a number of cycles of VSC operation. This is especially the case
if the floating supply is 205 charging the long term storage 207, when the power drawn
by the floating supply is comparatively greater than that drawn during normal

operation.

As mentioned the effect of the floating power supply can be to exacerbate any voltage
difference with the final result that an excess voltage is developed across some
director switch units whilst there is a loss of power for the control electronics of

others.

Various techniques for dealing with voltage imbalances across the series connected

elements of a director switch have been proposed.

In a first technique, which has been proposed for the AAC type converter, the chain-
link of a converter arm is controlled so as to modulate the voltage across the director
switch of that converter arm to be substantially constant throughout most of the
period during which the director switch is off. This is in contrast to the usual approach
where the voltage across the director switch may vary throughout substantially the

whole of the off-state period.

Referring back to figure 1 it will be appreciated that the director switch 104 of a
converter arm is turned off for part of the power cycle of a phase limb so that the
converter arm is non-conducting. As a simple example the director switch 104 of the

high side converter arm of a phase limb may be turned on during the positive half of
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the cycle, with the chain-link of the high side converter arm providing wave-shaping,
and the director switch of the high side arm may be turned off for the negative part of
the cycle. In this simple example the high side director switch is thus turned off when
the voltage at the AC terminal is at the mid-point voltage, e.g. zero volts. At this point
the voltage generated by the high-side chain link will be equal to Vpc/2 - where Vpc is
the pole-to-pole DC voltage - and thus there will initially be no voltage across the high-
side director switch. Typically the high-side chain-link would be maintained at this
voltage level through the entire period that the high-side director switch is off so as to
minimise the voltage stress across the director switch. The voltage across the director
switch would thus rise throughout the cycle as the voltage at the AC terminal dropped
to the maximum negative value of -Vpc/2 and then drop again as the voltage at the AC
terminal increased back to zero. This is illustrated in figure 3a by dashed plot 301. It
will be appreciated however that this is just one example of operation of an AAC type
converter. In other examples the director switches of the converter arms may both
be on at the same time for part of the power cycle, in a so called overlap mode of
operation. In any case the director switch of a converter arm may be turned off at a
given point in the power cycle with the relevant chain-link producing a voltage such
that there is initially no voltage across the director switch and during the period it is
turned-off the voltage across the director switch may vary in a similar fashion to that

illustrated in figure 3a.

In the first technique for voltage balancing the high-side director switch is turned off
at an appropriate point in the power cycle at a time Tore. At this point the voltage of
the high-side chain link is such that the voltage across the director switch is
substantially zero. Once the director switch is off however the voltage of the high-
side chain link is rapidly modulated so that the voltage across the director switch
ramps, at a constant ramp rate dV/dt to the peak voltage difference, as illustrated by
plot 301. The voltage of the high-side chain link is then modulated so as to maintain
a constant voltage across the director switch as the voltage at the AC terminal varies.

In effect the voltage of the high-side chain-link is modulated in synchronism with the
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voltage of the low side chain-link providing voltage wave shaping for the active
converter arm. Just before the high side director switch is turned back on at a time
Ton the voltage of the high-side chain link can be varied to ramp the voltage across the
director switch down to zero such that the director switch turns on with no voltage
across it. The ramp of the voltage across the director switch prior to turn on of the
director switch has the same ramp rate, but opposite sign, to that following turn off.
This results in the voltage waveform for the director switch for the off state period
being effectively a square wave with a largely constant voltage across the director
switch whilst it is off and only short periods of controlled voltage gradient. For a

conventional VSC this can aid in keeping the various director switch units balanced.

In a second technique for voltage balancing the various switch elements of the director
switch may be turned off in a staggered fashion in a desired sequence, as illustrated
in Figure 3b, rather than simultaneously as was the case in figure 3a. Figure 3b
illustrates for the purposes of illustration the switching sequence for a director switch
with just three director switch units, i.e. three switching elements SW1, SW2 and SW3.
It will be appreciated however that in practice there may be many more switching
elements forming a director switch. At a time T1 when the director switch is to be
turned off one of the switching elements of the director switch is turned off. The
relevant switching element to be turned off is based on an indication of the present
voltage level of the relevant clamp capacitor. In the example illustrated in figure 3b

switching unit SW1 has the lowest voltage level and is turned off first.

In this technique the chain-link of the converter arm maintains a voltage level that
minimises the voltage across the director switch and thus the voltage across the
director switch follows plot 301 as described above. Initially therefore the voltage
across the director switch is relatively low and at a level that can be withstood by a
single switching element. As a particular threshold is reached another switching
element is turned off at time T, to withstand the increasing voltage with the relevant

switching element again being selected based on the lowest clamp capacitor voltage.
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This sequence is continued with the switching elements being turned off progressively
as thresholds are reached based on which switching unit has the lowest voltage. This
means that as the voltage across the director switch is ramping up the switching
elements are turned off in sequence with those with lower clamp capacitor voltages
being turned on earlier and thus exposed to a voltage difference across the switching
unit for longer and hence subject to a greater increase in voltage. The turn-off process
of the director switch thus has an extended transition from being fully conductive, i.e.
all switching elements being on, to be being fully non-conductive, i.e. all switching

elements turned off.

The turn on transition from being fully non-conducting to being fully conducting
operates a similar sequence but in reverse with the switching units with the highest
clamp capacitor voltages being turned on first. Thus a first switching element may be
turned on when the voltage across the director switch drops to a threshold level and
the switching unit selected is that with the highest voltage of the clamp capacitor. In
the example of figure 3b switching element SW2 turns on first followed by SW1 and

SW3 as the various thresholds are reached.

This approach of sequencing the thus provides a degree of voltage balancing as each
cycle the switching units with a lower clamp capacitor voltages will be charged to a

greater extent that those with a higher clamp capacitor voltage.

It has been appreciated however that the first and second techniques discussed above
have shortcomings, especially if used with director switching units such as illustrated

in figure 2 where a floating power supply draws power from the clamp capacitor.

Figures 4a and 4b show the results of simulation of a director switch having a voltage
imbalance between the switching elements and operated according to the first and
second techniques discussed above respectively. The director switch was simulated
with just first and second director switching units, with the first switching unit having

a higher starting instantaneous voltage than the second switching unit, and the
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simulation covered several power cycles of the converter arm. The starting voltage of
the clamp capacitor of the first switching unit was simulated at 1500V with the
capacitor of the second switching unit at 500V. The floating power supply was

simulated with a power draw of 22W.

Figure 4a shows the simulated waveforms for the director switch subject to the first
modulation technique, i.e. a square wave voltage waveform being applied across the
director switch during the off state. The top plot of figure 4a illustrates the voltage
waveform 401 across the whole director switch and the voltage waveforms 402 and
403 across the switching elements of the first and second switching units respectively.
The middle plot shows the voltages 404 of the clamp capacitors of the first and second
switching units respectively. The lower plot illustrates the current demand 406 of the
floating power supply of the first switching unit and the current demand 407 of the

floating power supply of the second switching unit.

It can be seen that the initial starting voltage difference quickly leads to an increasing
voltage imbalance and the system quickly becomes unstable. This suggests that such
a modulation scheme may not be suitable for use with switching units of a director
switch with a clamp capacitor, and especially for VSC designs where the switching units
of thje director switch include a floating power supply which draws power from the

clamp capacitor.

Figure 4b illustrates the same plots, and uses the same reference numerals for the
voltage waveforms, but simulates the turn off and on of the switching elements of the
director switch in a staggered fashion in a sequence. It can be seen that over this
simulated time scale in the first cycle the second switching unit is turned on first
(before the first switching unit) and is turned on last (after the first switching unit).
For each subsequent cycle however the second switching unit turns off before the first
switching unit but then turns on before the first switching unit. This approach thus
achieves stable operation after a number of cycles. However, the IGBTs are never

perfectly balanced, the voltage difference between capacitors is always
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instantaneously different and the ripple across them is greater than if no special
modulation was used. This is due to two reasons: the balancing strategy is always
acting regardless of the level of any unbalance of the clamp capacitors; and the
switching instances, derived from switching at predetermined steps, are not the

optimum for a fast and effective balancing effect.

Embodiments of the present invention thus relate to methods and apparatus for
voltage balancing that at least mitigate some of the above mentioned issues and which
can be used satisfactorily with switching units having a floating power supply that

draws power from the clamp capacitor.

In a method according the present invention a director switching unit of the director
switch may be turned off (and/or turned on) at times determined by the present
voltage level of the clamp capacitor of the director switch unit compared to the
voltage level of the other switching units. However unlike the staggered turn off
described above with respect to figure 3b, where the times/voltage thresholds of the
sequence are fixed, in the method of the present invention the timing of when the
various director switch elements turn off or on may vary based on the present clamp

capacitor voltage level and the degree of any voltage imbalance.

Thus if there is no significant voltage imbalance between the director switch units of
the director switch then all such director switch units may be turned off and/or turned
on simultaneously. It is only if there is a significant voltage imbalance between the
clamp capacitor voltages of at least some of the director switch units that the relevant
turn off/turn on times vary and the turn off or turn on of the director switch becomes

staggered.

In some embodiments the turn off of the director switch units are controlled in this
manner. In this case at a first time T; corresponding to the start of period where the
director switch should be off, at least one of the director switching elements is turned

off. The director switch unit with the lowest clamp capacitor voltage is identified and
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it, and any switching units at substantially the same voltage and/or within a predefined
voltage range of the lowest clamp capacitor voltage, may be turned off. Thus, as
mentioned if there is no significant voltage imbalance between the director switch
units then all switching elements of the director switch units may be turned off
simultaneously. However if there is a voltage imbalance then the switching unit with
the lowest clamp capacitor voltage and any switching units with clamp capacitors
voltages that do not differ significantly in voltage from this lowest voltage are turned
off together and the remaining switching unit(s) remain on. The voltage across the
director switch will thus be shared across those director switch units that have been
turned off and the voltage of the clamp capacitors of such director switch units will
tend to increase. Subsequently, subject to the general constraint that the voltage
across any one director switch unit should not exceed a safe operating level and that
there should be sufficient switching elements of the director switch in the off state to
support the voltage across the director switch, then further director switch units may
be turned off when the voltage across that switching element becomes substantially
equal to the voltage level of the associated clamp capacitor. This should mean that
the voltage of the clamp capacitors of the director switch units that are already off
have risen to the same level of the relevant director switch unit that is still on. In this
way the director switch units may be turned off progressively where, at the point of
turn off the clamp capacitor voltage of the relevant director switch unit is at the same
level or within a defined range of other director switch units also being turned off or

already off.

Turn on of the director switch units may additionally or alternatively be controlled in
a similar fashion. The method may be arranged such that all director switch units be
turned on by an on-time Ton when the director switch is required to be fully
conducting (but at least one director switch units be kept non-conducting until such
an on-time). Before this on-time however one or more director switch units may be
turned on earlier if any difference between voltages of the clamp capacitors of the

director switch units becomes significant, for instance if the voltage difference
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between the clamp capacitor voltages of two different switching units exceeds a
predefined threshold. Therefore if there is substantially no voltage imbalance
between the director switch units as the voltage across the director switch ramps
down then no director switch units may be turned on early and all director switch units
may be turned on simultaneously at the time Ton. However, starting from a first
transition time or a transition start time, e.g. during the period of ramp down of
voltage across the director switch, if a significant voltage imbalance exists then at least

one director switch unit may be turned on early.

Subject to the constraint that sufficient switching elements remain off to support the
voltage across the whole director switch, the director switch unit with the highest
clamp capacitor voltage is identified and it, and possibly any director switch units at
substantially the same voltage and/or within a predefined voltage range of the highest
clamp capacitor voltage, may be turned on. This will result in the voltage across the
director switch being shared amongst the director switch units that remain off,
increasing the voltage of the relevant clamp capacitors and reducing the rate of
voltage drop. Subsequently, again subject to the general constraint that the voltage
across any one director switch unit should not exceed a safe operating level and that
there should be sufficient switching elements of the director switch in the off state to
support the voltage across the director switch, then further director switch units may
be turned on if their voltage is substantially greater than a voltage value for the
switching unit(s) that have already been turned on. This voltage value in some
embodiments may the lowest clamp capacitor voltage of any of the director switch
units that have been turned on but in other embodiments it could be an average

voltage value or some other derived voltage value.

This method thus aims to balance the clamp capacitors by switching IGBTs when and
as long for it is needed. As noted it only results in a staggered turn on or turn off of
the switching elements if and when there is sufficient imbalance between the clamp

capacitors. Consequently, during normal operation the turn off or turn on sequence is
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not pre-determined, but based on the instantaneous measurement of the clamp
capacitor voltages. It should be noted that this technique might not be used in an

abnormal event that may require a fast operation of the director valve.

Figure 5 illustrates the principle of operation, again in relation to a director switch
assumed to have three switching elements SW1, SW2 and SW3 of first, second and
third director switch units respectively. Figure 5 illustrates how the voltage waveform
301 across the director switch during the period that the director switch is non
conducting as described previously with reference to figures 3a and 3b. Figure 5 also
illustrates how the voltages Vc1, Ve2 and Vez of the clamp capacitors of the first, second

and third director switch units respectively vary.

As described above at time Ti the director switch is switched to become non-
conducting. At this time the voltage Vc1 of the first director switch unit is the lowest
and is significantly lower than voltages V¢, and Vcz. Thus switch SW1 is turned off at
this point. Thus the voltage across the director switch, which starts rising, is initially
applied to the first switching unit only and the voltage Vci starts to increase. Atatime
T, the voltage Vci reaches the present level of voltage V¢ and thus switch SW2 is then
turned off. The timing of the turn off of this switching element and the voltage level
at which it occurs are not predetermined and depend on the actual voltages V¢1 and
Vc2. The voltage across the director switch is thus now shared between the first and
second director switch units, which start on the same voltage level. The voltage of
both clamp capacitors thus rises until the voltage level Vs is reached at time T; at
which point switch SW3 is turned off At this point all director switch units have been

turned off

Subsequently the director switch will be turned on again at a time Ton. Before then,
as the voltage across the director switch drops the voltages of the clamp capacitors
are monitored to determine if any voltage imbalance exists above a certain
predetermined threshold. In this example at a time Ta the difference between the

highest capacitor voltage and the lowest capacitor voltage exceeds a predetermined
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threshold and thus the director switch unit with the highest capacitor voltage, SW3 in
this example, is turned on. In fact in this example the voltage imbalance between the
capacitors greater than the threshold exists at a time before T4 but before this time
the voltage across the whole director switch is such that none of the director switch
units can be turned-on, i.e. all director switch units need to remain off to support the
voltage. Itis at time T4 that the voltage across the whole director switch is low enough
that one of the director switch units can be turned on. As, at this point, as voltage

imbalance greater than the threshold exists, the control turns on switch SW3.

Once switch SW3 is turned on the voltage across the director switch is shared between
the remaining switches in the off state, i.e. SW1 and SW2. This results in a jump in
voltage across these switching elements. The voltage across these switches in the off
state may then be monitored against a voltage level derived from the switch(es) that
are on, in this case switch SW3. Again however a switching element of a director
switch unit will only be turned on when the remaining off state switching elements
are able to support the voltage across the director switch. In the example illustrated
in figure 5 switch SW2 is turned on at a time Ts once the voltage level has dropped
sufficiently, thus resulting in a jump in voltage across the remaining off switch, i.e.

SW1. SW1 is then maintained off until the on time Ton when it is turned on.

It will be appreciated that this strategy for balancing the voltages during the period
when the voltage across the director switch is decreasing, i.e. a period of negative
voltage slope, can, in the event of significant voltage imbalance, result in voltage
waveforms across at least some switching elements/clamp capacitors of a director
switching unit that exhibit relatively sudden step changes. In this sense the
modulation strategy applied during the negative voltage slope across the director
switch is not as smooth as the modulation strategy applied during the period of

positive voltage slope across the director switch.

As noted however if there is no significant voltage imbalance between the clamp

capacitor voltages of the director switch units then the switching elements of the
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director switch units may be operated at the same time. For example figure 6a
illustrates an example where the clamp capacitor voltages Vci, V2 and Ves of the
director switch units have a significant imbalance before turn off of the director switch
at a time T1 and thus the relevant switching elements are turned off in a staggered
fashion as described with reference to figure 5, but during the falling voltage across
the director switch the voltages of the clamp capacitors stay within a predefined limit
of one another and thus all the switching elements remain off until the time Ton when
they are turned on simultaneously. Figure 6b illustrates another example where the
voltages of the clamp capacitors do not exhibit any significant imbalance at the point
of turn off of the director switch and thus all the director switch units are turned off

simultaneously at time Ti.

In some embodiments the techniques described above may be applied as described
above during the period of positive voltage slope across the director switch, but it may
be preferred not to apply the techniques during the negative voltage slope across the
director switch. In other words if any voltage imbalance exists during the period of
positive voltage slope then the control may be configured to delay the turn off of one
or more switching elements to provide voltage balancing, resulting in a staggered
turn-off of the switching elements. However the control may be configured so that
the switching elements are subsequently turned back on simultaneously. As
mentioned above turning on switching elements of the director switch earlier than the
on time may result in a less smooth voltage transition. In some embodiments the
voltage of the chain link may be modulated during this period to try to maintain the

balance of clamp capacitor voltages as will be described in more detail below.

To demonstrate the operation of the technique, a director switch having a voltage
imbalance between the switching elements and operated according to the present
method was simulated. The director switch was simulated according to the same
conditions as the simulations discussed with reference to figures 4a and 4b, i.e. with

just first and second switching units, with the first switching unit having a higher
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starting instantaneous voltage than the second switching unit. The starting voltage of
the clamp capacitor of the first switching unit was simulated at 1500V with the
capacitor of the second switching unit at 500V. The floating power supply was

simulated with a power draw of 22W.

The results of the simulation are shown in figure 7. The top plot shows the voltage
waveform 701 across the whole director switch and the voltage waveforms 702 and
703 across the first and second director switch units respectively. The middle plot
shows the voltages 704 and 705 of the clamp capacitors of the first and second
switching units respectively. The lower plot illustrates the current demand 706 of the
floating power supply of the first switching unit and the current demand 707 of the

floating power supply of the second switching unit.

It can be seen that in the voltage of the clamp capacitor of the second switching unit
starts lower and the second switching unit is thus turned off before the first switching
unit. After only a few cycles however the initial imbalance is quickly compensated,

and a condition of balance is achieved across both IGBTs and clamp capacitors.

To further prove the validity of the technique, further simulations have been
performed for director switches having a greater number of switching elements, with
voltage imbalances and again good balance was achieved quickly and maintained.
Further simulations have also shown good responses for other component mismatch
situations, such as clamp capacitors or sharing resistors having different values, and

power supplies drawing different instantaneous power levels.

In the embodiments discussed above it has been assumed that the chain-link of the
relevant converter arm is controlled to maintain a substantially constant voltage
during the period that the director switch is off and the converter arm non conducting.
Thus the voltage waveform across the whole director switch is principally due to the

voltage variation at the AC terminal/other converter arm.
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In some embodiments however the chain-link of the converter arm may be controlled
so as to vary the shape of the voltage supported by the director-switch in the off-state.
The voltage waveform experienced by the director switch may be modified such that,
when combined with the switching strategy, the balancing effect across the clamp

capacitors can be improved.

For example figure 8 illustrates one possible example of an alternative voltage
modulation that may be applied. At the time T1 when the director switch is turned off
the voltage of the chain-link is controlled so that there is no voltage across the director
switch as is conventional. The switching strategy described above may be
implemented so that switching element SW1 is turned off first because the voltage Vc1
of the relevant clamp capacitor is significantly lower than that of the other clamp
capacitors. Once the voltage Vc1 has increased to equal V¢, switching element SW2 is
also turned off At this point the chain-link voltage is controlled such that the rate of
voltage increase across the director switch is faster than normal, to facilitate the fast
balancing of the clamp capacitor of the second director switch unit. Once the voltages
Vc1 and Ve, reach the voltage Vs the rate of increase may be reduced until the peak
voltage is reached. Again there will be the general constraint that the number of
switching elements turned off must be sufficient to support the voltage across the

director switch.

Additionally or alternatively the voltage may be modulated for the falling part of the
voltage waveform. For example figure 8 illustrates that during the (normally) falling
part of the voltage waveform, the voltage is maintained at its peak value, for as long
as possible, to keep the clamp capacitors charged and balanced. The voltage is then
ramped down at a constant rate just before the director switch turns on at a time Ton

with all switching elements being turned on simultaneously.

It will be appreciated however that any other wave-shape profile, combined with a
suitable switching sequence of the director valve IGBTs could also be chosen

depending on the particular condition of the clamp capacitors at the time.
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Embodiments of the present invention thus relate to methods of voltage balancing for
a director switch of a VSC comprising a plurality of director switch units, each
comprising a switching element in parallel with a clamp capacitor. The method
comprises controlling operation of the switching elements of the director switch units
such that the timing of operation of a switching element is based on the voltage of the
clamp capacitor of the director switch unit and the degree of any voltage imbalance

between the clamp capacitors of a set of director switch units.

Embodiments also relate to control apparatus for director switch and/or a converter
arm of a VSC. Figure 9 illustrates one example of a control apparatus. Figure 9
illustrates a converter arm with a chain-link 103 in series with a director switch 104.
The director switch comprises a plurality of director switch units 200-1 to 200-n, each
of which may have the form generally indicated in figure 2, e.g. with a clamp capacitor
connected across the switching element of the director switch unit and a floating

power supply that draws power from the clamp capacitor.

A director switch controller 901 is configured to receive an indication of the voltage
level of the clamp capacitor Vci1 to Ven for each of the director switch units and
determine appropriate control signals CNT1 to CNT, for switching of the switch
elements of the director switch units at appropriate timings. The director switch
controller 901 may also receive an indication Vps of the voltage across the director
switch 104 so as to determine that an appropriate number of switching elements are

off to support the voltage.

Each director switch unit may comprise a local control unit, such as control electronics
204illustrated in figure 2, that serves several purposes such as converting the power
to the gate driver electronics of the IGBTs, measuring key physical variables, such as

the clamp capacitor voltage, and communicating to the director switch controller 901.

As noted the director switch controller 901 receives an indication of the voltages of

the clamp capacitors of the director switch units and determines appropriate control
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signals for control of the switching elements of the director switch units. There are
various ways in which the director switch controller 901 may be arranged to

communicate with the local control electronics 204 of the director switch units.

In some embodiments local measurement of the clamp capacitor voltage may be
made in each director switching unit and communicated to the director switch
controller 901. In some embodiments the local control electronics 204 may provide
such measurements throughout the period during which the voltage balancing
strategy may be applied. For instance measurements of clamp capacitor voltage may
be sampled and communicated to the director switch controller 901 at a sufficient
sampling rate to allow the director switch controller 901 to determine the extent of

any voltage imbalance and determine the timing of appropriate control signals.

The local control unit 204 may thus be configured to send an instantaneous voltage
reading of the clamp capacitor voltage to the director switch controller at periodic
sampling intervals. For typical VSCs the voltage waveform imposed across the director
switch does not typically change any faster than around 100 ps or so and the sampling
time for communicating the clamp capacitor voltage can therefore be relatively low
and readily achievable. This does however require the transfer of a relatively

significant amount of data.

The communication signals and amount of data exchanged may be reduced by
adopting a more distributed control hierarchy, for instance by taking advantage of the
distributed configuration of the hardware in some VSC arrangements. In some VSCs
the director switch units are grouped in stacks having around ten or so IGBTs. In such
a configuration, the stack or stacks may be selected by a top level the control system
based on their urgency to be switched, and a lower level control determining which of
its IGBTs of the relevant stack should be operated. The lower level control may be at

least partly implemented by a local control within the stack.
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In some embodiments, to reduce the communication requirements, a measure of the
clamp capacitor voltages from the director switch units could be provided to the
director switch the director switch controller 901 just before a relevant switch
transition of the director switch. The director switch controller 901 may then
determine the degree of any voltage imbalance and need for any voltage balancing.
In some embodiments the director switch controller 901 may then determine an
appropriate voltage level at which the relevant switching element should be turned
on or off during the subsequent transition of the director switch. This may be based
on the voltage level across the director switch, in which case the director switch
controller 901 may generate a switch control signal at the appropriate time, orin some
embodiments the voltage level may be a voltage level of the clamp capacitor of the
switching unit, in which case the director switch controller 901 may provide a control
signal to the local control unit indicating an activation level at which the relevant

director switching unit should operate.

Thus in some embodiments the clamp capacitor voltages from all director switch units
could be read and sorted by the director switch controller 901 in advance of the
director switch turn-off or turn-on process. That is, just before the waveform applied
across the director switch begins to rise or fall. Each of the local control units of the
director switch may then pre-programmed by the control signals CNT; to CNT,, to act
upon a certain clamp capacitor voltage, so that they can locally decide when to turn-

off or turn-on its associated IGBT.

In embodiments where relatively continuous measurements indicating the evolution
of the clamp capacitor voltages during the transition of the director switch are not
provided to the director switch controller 901, the control signals for controlling the
switching elements may be based on a predicted evolution of the voltages. Thus, as
mentioned, the clamp capacitor voltages from all director switch units could be read
and by the director switch controller 901 in advance of the director switch turn-off or

turn-on process. Such measured values could be used to predict the evolution of the
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voltages across the director switch units, for instance by using a suitable model. Based
on this prediction appropriate control signals may be generated, either by the director
switch controller 901 generating the signals at an appropriate time or voltage level
across the whole director switch or by the director switch controller 901 pre-
programming the local control unit of the director switch units with a suitable
activation level. In some embodiments at least some measurements of the actual
clamp capacitor voltages may be taken during the transition of the director switch and
communicated to the director switch controller 901 to update the prediction during
the transition period. Only a few actual measurements may be needed to be
communicated during the transition period of the director switch, which may
therefore not represent an undue communication burden, and such an updated
prediction may give a reasonably accurate indication of the evolution of the clamp

voltages of the director switch units.

As noted previously the voltage produced by chain-link 103 may be modulated during
the off period of the director switch 104 based on the switching the requirements.
Thus the director switch controller 901 may also provide a modulation control signal

MOD for controlling modulation of the chain-link.

The methods and apparatus described above thus achieves the balancing of the clamp
capacitors, even under extreme operating conditions, such as a high constant power
load being drawn in the presence of significant circuit mismatch. The techniques
described herein also allow recovery of the balancing of the clamp capacitors after
they have been upset by an external disturbance. Any corrective action is only taken
however when the clamp capacitors are imbalanced, returning to an ideal switching
pattern afterwards. This provides a very stable operation in normal conditions. The
voltage across the various semiconductor switching elements is thus balanced as a

consequence of balancing the clamp capacitors.

The various embodiments have been described in respect of an AAC type converter

but it will be appreciated that the techniques are applicable to any type of VSC

31



10

WO 2017/102373 PCT/EP2016/079538

comprising a director switch formed from director switch units having a switching
element and a clamp capacitor connected across the switching element. In particular
the techniques are suitable where such director switch units also have a floating

power supply that draws power from the clamp capacitor.

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:

1. A method of controlling a director switch (104) of a voltage source converter
wherein the director switch (104) comprises a plurality of series connected director
switch units (200) each comprising a semiconductor switching element (110) and an
associated clamp capacitor (202) connected across the semiconductor switching

element (110), the method comprising:

switching the semiconductor switching elements (110) of the director switch
units (200) to transition the director switch (104) between conducting and non-

conducting states;

wherein the timing of switching of a semiconductor switching element (110) is
based on the voltage level of the associated clamp capacitor (202) and the degree of
any voltage imbalance between the clamp capacitors (202) of the director switch units

(200).

2. A method as claimed as claimed 1, wherein each director switch unit (200)
further comprises a floating power supply configured to draw power, in use, from the

clamp capacitor.

3. A method as claimed in claim 1 or claim 2, wherein the method comprises
turning-off the semiconductor switching elements (110) of the director switch units
(200) to transition the director switch (104) from a fully conducting state to a fully non-

conducting state.

4. A method as claimed in claim 3, comprising, at a first turn-off time, turning off a
first set of semiconductor switching elements (110), wherein the first set of
semiconductor switching elements (110) comprises the semiconductor switching
element (110) having the associated clamp capacitor (202) having the lowest voltage

level and any semiconductor switching element (110) having an associated clamp
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capacitor (202) with a voltage level within a predetermined range of the lowest

voltage level.

5. A method as claimed in claim 4, wherein, in the event that not all semiconductor
switching elements (110) are turned off as part of the first set at the first turn-off time,
the method comprises progressively turning off the switching element (110) having
the associated clamp capacitor (202) having the lowest voltage level of all switching
elements that are still on at the earliest of (i) a voltage across that semiconductor
switching element (110) reaching a level which is within a predetermined range of the
voltage level of the clamp capacitor (202) associated with that semiconductor
switching element (110) or (ii) the voltage across the director switch (104) reaching a
limit based on the number of semiconductor switching elements (110) that are

presently turned off.

6. A method as claimed in any of claims 3 to 5, wherein the director switch (104) is
connected in series in a converter arm with a chain-link circuit (103) for voltage wave-
shaping and the method comprises modulating a voltage generated by the chain-link
circuit (103) during the transition of the director switch (104) from a fully conducting

state to a fully non-conducting state.

7. A method as claimed in claim 6, wherein the chain-link voltage is modulated to
increase the rate of voltage increase across the director switch (104) after a given

semiconductor switching element (110) has been turned off.

8. A method as claimed in any preceding claim, wherein the method comprises
turning-on the semiconductor switching elements (110) of the director switch units
(200) to transition the director switch (104) from a fully non-conducting state to a fully

conducting state.

9. A method as claimed in claim 8, comprising from, a first transition start time to
an on-time, monitoring the voltage levels of the clamp capacitors (202) to determine
whether a measure of voltage imbalance exceeds a predetermine threshold and, in
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the event that (i) said difference does exceed said threshold and (ii) a voltage across
the director switch (104) is low enough to allow turn on of a semiconductor switching
element (110), the method comprises turning on the semiconductor switching
element (110) associated with the clamp capacitor (202) having the highest voltage

level.

10. A method as claimed in claim 9, comprising, at the on-time, turning on all

semiconductor switching elements (110) that are presently turned off.

11. A method as claimed in claim 9 or claim 10, wherein, in the event that a
semiconductor switching element (110) is turned on before the on-time the method
comprises determining whether a voltage level of a clamp capacitor (202) associated
with a semiconductor switching element (110) that is still turned off exceeds a voltage
value for the clamp capacitors (202) associated with the semiconductor switching
elements (110) that have been turned on and, if so, then provided that a voltage across
the director switch (104) is low enough to allow turn on of a semiconductor switching
element (110) the method comprises turning said semiconductor switching element

(110) on.

12. A method as claimed in claim 11, wherein the voltage value for the clamp
capacitors (202) associated with the semiconductor switching elements (110) that
have been turned on comprises one of: a highest voltage level and an average voltage

level.

13. A method as claimed in any of claims 8 to 12, wherein the director switch (104)
is connected in series in a converter arm with a chain-link circuit (103) for voltage
wave-shaping and the method comprises modulating a voltage generated by the
chain-link circuit (103) during the transition the director switch (104) from the non-

conducting state to the conducting state.
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14. A method as claimed in claim 13, wherein the chain-link voltage is modulated to
decrease the rate of voltage decrease across the director switch (104) after a given

semiconductor switching element (110) has been turned on.

15. A method as claimed in any of claims 1 to 7, wherein the method comprises the
director switch (104) is connected in series in a converter arm with a chain-link circuit
(102) for voltage wave-shaping and the method comprises modulating a voltage
generated by the chain-link circuit (103) during a period in which the director switch
(104) is off such that a voltage across the director switch (104) increase during a first
period to a peak value and then is maintained at substantially said peak value during

a second period.

16. A control apparatus for controlling a director switch (104) of a voltage source
converter having a plurality of series connected director switch units (200) each
comprising a semiconductor switching element (110) and an associated clamp
capacitor (202) connected across the semiconductor switching element (110),

wherein the control apparatus is configured to:

receive an indication of the voltage level of the associated clamp capacitors

(202) of the director switch units (200); and

generate switching control signals for controlling switching the semiconductor
switching elements (110) of the director switch units (200) to transition the director

switch (104) between conducting and non-conducting states;

wherein the timing of switching of a semiconductor switching element (110) is
based on the voltage level of the associated clamp capacitor (202) and the degree of
any voltage imbalance between the clamp capacitors (202) of the director switch units

(200).

17. A control apparatus as claimed in claim 16, wherein the control apparatus is

configured to generate switching control signals for turning-off the semiconductor
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switching elements (110) of the director switch units (200) to transition the director
switch (104) from a conducting state to a non-conducting state so as to turn the

director switch (104) off.

18. A control apparatus as claimed in claim 17, configured to generate switch
control signals so as to, at a first turn-off time, turn off a first set of semiconductor
switching elements (110), wherein the first set of semiconductor switching elements
(110) comprises the semiconductor switching element (110) having the associated
clamp capacitor (202) having the lowest voltage level and any semiconductor
switching element (110) having an associated clamp capacitor (202) with a voltage

level within a predetermined range of the lowest voltage level.

19. A control apparatus as claimed in claim 18, configured to generate switch
control signals such that, in the event that not all semiconductor switching elements
(110) are turned on as part of the first set at the first turn-off time, the switch control
signals progressively turn off the switching element (110) having the associated clamp
capacitor (202) having the lowest voltage level of all switching elements (110) that are
still on at the earliest of (i) a voltage across that switching element (110) reaching a
level which is within a predetermined range of the voltage level of the clamp capacitor
associated with that semiconductor switching element (110) or (ii) the voltage across
the director switch (104) reaching a limit based on the number of semiconductor

switching elements (110) that are presently turned off.

20. A control apparatus as claimed in any of claims 17 to 19, wherein the control
apparatus is further configured to generate a modulation control signal for controlling
modulation of modulating a voltage generated by a chain-link circuit (103) for voltage
wave-shaping connected in series with the director switch (104) during a period that
the director switch (104) is transitioning from a fully conducting state to a fully non-

conducting state.
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21. A control apparatus as claimed in claim 20, wherein the modulation control
signal is generated so as to modulate the chain-link voltage to increase the rate of
voltage increase across the director switch (104) after a given semiconductor

switching element (110) has been turned off.

22. A control apparatus as claimed in claim 16, wherein the control apparatus is
configured to generate switching control signals for turning-on the semiconductor
switching elements (110) of the director switch units (200) to transition the director

switch (104) from a fully non-conducting state to a fully conducting state.

23. A control apparatus as claimed in claim 22, wherein the control apparatus is
configured to from, a first transition start time to an on-time, monitor the voltage
levels of the clamp capacitors (202) to determine whether the difference between a
highest and a lowest voltage level exceeds a predetermine threshold and, in the event
that (i) said difference does exceed said threshold and (ii) a voltage across the director
switch (104) is low enough to allow turn on of a semiconductor switching element
(110), generate a switch control signal to turn on the semiconductor switching
element (110) associated with the clamp capacitor (202) having the highest voltage

level.

24. A control apparatus as claimed in claim 23, wherein the control apparatus is
configured to, at the on-time, turn on all semiconductor switching elements (110) that

are presently turned off.

25. A control apparatus as claimed in claim 23 or claim 24, wherein, in the event
that a semiconductor switching element (110) is turned on before the on-time the
control apparatus is configured to determine whether a voltage level of a clamp
capacitor (202) associated with a semiconductor switching element (110) that is still
turned off exceeds a voltage value for the clamp capacitors (202) associated with the
semiconductor switching elements (110) that have been turned on and, if so, then

provided that a voltage across the director switch (104) is low enough to allow turn on
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of a semiconductor switching element (110), generate a switch control signal to turn

said semiconductor switching element (110) on.

26. A control apparatus as claimed in claim 25, wherein the voltage value for the
clamp capacitors (202) associated with the semiconductor switching elements (110)
that have been turned on comprises one of: a highest voltage level and an average

voltage level.

27. A control apparatus as claimed in any of claims 21 to 26, wherein the control
apparatus is further configured to generate a modulation control signal for controlling
modulation of modulating a voltage generated by a chain-link circuit (103) for voltage
wave-shaping connected in series with the director switch during the transition the

director switch (104) from the fully non-conducting state to the fully conducting state.

28. A control apparatus as claimed in claim 27, wherein the modulation control
signal is generated so as to modulate the chain-link voltage to decrease the rate of
voltage decrease across the director switch after a given semiconductor switching

element (110) has been turned on.

29. A control apparatus as claimed in any of claims 16 to 21, wherein the control
apparatus is further configured to generate a modulation control signal for controlling
modulation of a voltage generated by a chain-link circuit (103) for voltage wave-
shaping connected in series with the director switch (104) during a period in which the
director switch (104) is off such that a voltage across the director switch (104) increase
during a first period to a peak value and then is maintained at substantially said peak

value during a second period.

30. A control apparatus as claimed in any of claims 16 to 29, wherein the control
apparatus is configured to receive, from each director switch unit (200), repeated
measurements of the voltage level of the associated clamp capacitor (202) throughout
a period of a director switch transition as said indication of the voltage level of the
associated clamp capacitors (202) of the director switch units (200).
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31. A control apparatus as claimed in any of claims 16 to 29, wherein the control
apparatus is configured to receive, from each director switch unit (200), a
measurement of the voltage level of the associated clamp capacitor (202) prior to a
director switch transition as said indication of the voltage level of the associated clamp

capacitors (202) of the director switch units (200).

32. A control apparatus as claimed in claim 31, wherein said switching control
sighals comprise a control signal for a director switch unit (200) to turn on or off at a

particular clamp voltage level.

33. A control apparatus as claimed in claim 31 or claim 32, wherein the control
apparatus is configured to predict a voltage evolution for the voltages of the director
switching units (200) based on said received measurement of the voltage level of the
associated clamp capacitors (202) of the director switching units (200) and to generate

the switching control signals based on the predicted voltage evolution.

34. A control apparatus as claimed in claim 33, wherein the control apparatus is
configured to update said predicted voltage evolution based on one or more
measurements of the voltage level of the clamp capacitors (202) of the director

switching units (110) received during the period of a director switch transition.

35. A converter arm apparatus for a voltage source converter comprising:

a director switch (104) comprising a plurality of series connected director switch
units (200) each comprising a semiconductor switching element (110) and an
associated clamp capacitor (202) connected across the semiconductor switching

element (110); and

a control apparatus (204) as claimed in any of claims 16 to 34.

36. A converter arm apparatus as claimed in claimed 35, wherein each director
switch unit (200) further comprises a floating power supply (205) configured to draw
power, in use, from the clamp capacitor (202).
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37. A converter arm apparatus as claimed in claimed 35 or claim 36, further
comprising a chain-link circuit (103) for voltage wave-shaping in series with the

director switch (104).

38. A voltage source converter comprising at least one phase limb having two
converter arms, each converter arm comprising a converter arm apparatus as claimed

in any of claims 35 to 37.
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