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(57) Abstract: In the field of HVDC power converters there is a need for an
improved semiconductor switching string which obviates the difficulties as-
sociated with respective semiconductor switching elements exhibiting differ-
ent performance characteristics and having inherent limitations in their per-
formance. A semiconductor switching string (100), for use in a HVDC
power converter, comprises a plurality of series-connected semiconductor
switching assemblies (10; 70; 110). Each semiconductor switching assembly
(10; 70; 110) has a main semiconductor switching element (12) that includes
first and second connection terminals (14, 16) between which current flows
from the first terminal (14) to the second terminal (16) when the main semi-
conductor switching element (12) is switched on. The main semiconductor
switching element (12) also has an auxiliary semiconductor switching ele-
ment (28; 72; 1 12) electrically connected between the first and second con-
nection terminals (14, 16) thereof. Each semiconductor switching assembly
(10; 70; 110) also includes a control unit (30) which is operatively connec-
ted with each auxiliary semiconductor switching element (28; 72; 112). The
or each control unit (30) is configured to switch on a respective auxiliary
semiconductor switching element (28; 72; 112) to selectively create an al-
ternative current path (32; 114, 116) between the first and second connection
terminals (14, 16) associated therewith whereby current is diverted to flow
through the alternative current path (32; 114, 116) to reduce the voltage
across the corresponding main semiconductor switching element (12). The
or each control unit (30) is further configured to switch on the said respect-
ive auxiliary semiconductor switching element (28; 72; 112) when the
voltage across the corresponding main semiconductor switching element
(12) differs from a voltage reference derived from the voltage across all of
the main semiconductor switching elements (12) in the semiconductor

switching string (100).
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SEMICONDUCTOR SWITCHING STRING

This invention relates to a semiconductor switching string for use in a high voltage direct
current (HVDC) power converter.

In power transmission networks alternating current (AC) power is typically converted to
direct current (DC) power for transmission via overhead lines and/or under-sea cables.
This conversion removes the need to compensate for the AC capacitive load effects
imposed by the transmission line or cable and reduces the cost per kilometre of the lines
and/or cables, and thus becomes cost-effective when power needs to be transmitted
over a long distance.

HVDC power converters are used to convert ' AC power to DC power. Semiconductor
switching elements, such as thyristors, are a key component of HYDC power converters,
and act as controlled rectifiers to convert AC power to DC power and vice versa.

While such semiconductor switching elements have very high breakdown voltages and
are capable of carrying high current loads, even semiconductor switching elements from
the same batch exhibit different performance characteristics. This creates difficulties in
the operation of, e.g. a HVDC power converter in which the semiconductor switching

elements are incorporated.

In addition, many semiconductor switching elements have inherent limitations in their
performance which require the inclusion of large, heavy and difficult-to-design remedial
components within, e.g. a HVDC power converter, to compensate for these shortcomings.

There is, therefore, a need for an improved semiconductor switching assembly which
obviates one or more of the difficulties outlined above.

According to a first aspect of the invention there is provided a semiconductor switching
string, for use in a HVDC power converter, comprising:

a plurality of series-connected semiconductor switching assemblies, each
semiconductor switching assembly having a main semiconductor switching element
including first and second connection terminals between which current flows from the first
terminal to the second terminal when the main semiconductor switching element is
switched on, the main semiconductor switching element having an auxiliary
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semiconductor switching element electrically connected between the first and second
connection terminals thereof; and

a control unit operatively connected with each auxiliary semiconductor switching
elemenf, the or each control unit being configured to switch on a respective auxiliary
semiconductor switching element fo selectively create an alternative current path
between the first and second connection terminals associated therewith whereby current
is diverted to flow through the aliernative current path to reduce the voltage across the
corresponding main semiconductor switching element, and the or each control unit being
further configured to switch on the said respective auxiliary semiconductor switching
element when the voltage across the corresponding main semiconductor switching
element differs from a voltage reference derived from the voltage across all of the main
semiconductor switching elements in the semiconductor switching string.

The inclusion of a control unit which is configured to switch on a respective auxiliary
semiconductor switching element to selectively create an alternative current path
between the first and second connection terminals of a corresponding main
semiconductor switching element, whereby current is diverted through the alternative
current path to reduce the voltage across the corresponding main semiconductor
switching element, allows the semiconductor switching string of the invention to
compensate for a variation in the turn-off performance characteristic of the various main
semiconductor switching elements in the string of series-connected main semiconductor
switching elements. As such the semiconductor switching string of the invention permits
the mix and match of semiconductor switching elements, e.g. thyristors, from not just
different batches but from different suppliers. Furthermore, the switching string of the
invention drastically reduces the size of an associated remedial component, e.g. a
damping circuit, that is otherwise required to compensate for the aforementioned
variation in the turn-off performance characteristic of a series of semiconductor switching

elements.

In addition, having a control unit which is additionally configured to switch on a respective
auxiliary semiconductor switching element when the voltage across the corresponding
main semiconductor switching element differs from a voltage reference provides a
degree of feedback control via which the aforementioned compensation for variations in
the turn-off characteristics of the various main semiconductor switching elements can be

carried out automatically.
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Preferably the voltage reference is equivalent to the average voltage across all of the

main semiconductor switching elements in the semiconductor switching string.

Such a reference voltage can be readily computed, e.g. by a higher level controller which
receives from the or each control unit a local measurement of the voltage across the
corresponding main semiconductor switching element.

Optionally the or each control unit is configured to switch on a said respective auxiliary
semiconductor switching element when the voltage across the corresponding main
semiconductor switching element is greater than the voltage reference.

A control unit so configured has the effect of reducing the voltage across the or each
main semiconductor switching element with a voltage above the voltage reference, i.e.
above the average voltage across all of the main semiconductor switching elements,
such that the average voltage across the remaining main semiconductor switching
elements increases and in due course the voltage across all of the main semiconductor
switching elements becomes essentially equally balanced across each individual main
semiconductor switching element.

The or each control unit may be configured to control the amount of current diverted to
flow through a respective alternative current path so that the voltage across the
corresponding main semiconductor switching element approaches the voltage reference.

Such an arrangement desirably helps to ensure that each of the various main
semiconductor switching elements has a uniform voltage thereacross, which most
preferably is essentially equal to the voltage across each of the other main
semiconductor switching elements.

In a preferred embodiment of the invention the or each control unit is configured to
control the amount of current diverted to flow through a respective alternative current
path by selectively switching the corresponding auxiliary semiconductor switching
element on and off.

Such control is desirable so as not to create a further problem while attempting to
alleviate the difficulties associated with differing turn-off performance characteristics
between main semiconductor switching elements.
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In another preferred embodiment of the invention the or each control unit is further
configured to switch the said corresponding auxiliary semiconductor switching element
on and off within a switching operation a plurality of times in an operating cycle of the
semiconductor switching string.

Carrying out an on/off switching operation a plurality of times within a given operating
cycle of the semiconductor switching string, i.e. while each of the main semiconductor
switching elements within the string is in either a reverse-biased or a forward-biased
condition, helps to ensure that the level of current flowing through a respective
alternative current path, and hence the level of current flowing through the corresponding
auxiliary semiconductor switching element, remains at a level required to compensate for
the aforementioned variation in turn-off performance characteristics.

Optionally the ratio of time for which a said corresponding auxiliary semiconductor
switching element is on and off within a switching operation differs during the operating
cycle.

Such a switching regime allows the semiconductor switching string of the invention to
adapt to a change in, e.g. the stored charge remaining in a given main semiconductor
switching element.

Preferably each semiconductor switching assembly includes an auxiliary semiconductor
switching element connected in inverse-parallel with the corresponding main
semiconductor switching element whereby when the inverse-parallel connected auxiliary
semiconductor switching element is switched on the alternative current path is configured
to allow current to flow from the second connection terminal to the first connection
terminal of the corresponding main semiconductor switching element, and wherein the
corresponding control unit is configured to switch on a respective inverse-parallel
connected auxiliary semiconductor switching element while the corresponding main
semiconductor switching element is in a reverse-biased condition to divert current to flow
through the so-configured alternative current path to reduce the voltage across the
corresponding main semiconductor switching element.

Having each auxiliary semiconductor switching element arranged in such a manner, and
the corresponding control unit configured in such a manner, allows the semiconductor
switching string of the invention to compensate for the greatest impact of a variation in

the tumn-off performance characteristics of a string of series-connected main
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semiconductor switching elements, namely the resulting variation in reverse recovered
charge stored by each main semiconductor switching element which arises when the
main semiconductor switching elements continue to conduct current for differing periods
of time when in the reverse-biased condition after forward conduction has ceased.

Each inverse-parallel connected auxiliary semiconductor switching element may be or
include a transistor having an emitter connected to the first connection terminal of the
corresponding main semiconductor switching element, a collector connected to the
second connection terminal of the corresponding main semiconductor switching element,
and a base connected to the corresponding control unit.

A transistor, especially one incorporating a wide-band-gap semiconducting material such
as silicon carbide, gallium nitride or diamond, has the required high voitage performance
characteristic necessary to match or even exceed that of the corresponding main
semiconductor switching element, while at the same time permitting the passage
therethrough of a relatively small amount of current necessary to affect the desired

reduction in voltage across the corresponding main semiconductor switching element.

In a still further preferred embodiment of the invention each semiconductor switching
assembly includes an auxiliary semiconductor switching element connected in parallel
with the corresponding main semiconductor switching element whereby when the parallel
connected auxiliary semiconductor switching element is switched on the alternative
current path is configured to allow current to flow from the first connection terminal to the
second connection terminal of the corresponding main semiconductor switching element,
and wherein the corresponding control unit is configured to switch on a respective
parallel connected auxiliary semiconductor switching element while the corresponding
main semiconductor switching element is in a forward-biased condition to divert current
to flow through the so-configured alternative current path.

Such an arrangement desirably allows the semiconductor switching string of the
invention to compensate for different performance characteristics of respective main
semiconductor switching elements and inherent limitations in their performance which
are manifest when the main semiconductor switching elements are in the forward-biased
condition, i.e. each main semiconductor switching element is switched off but
experiences a positive voltage between its first and second connection terminals such
that it will allow current to flow therethrough on receipt of a turn-on signal from the
corresponding control unit.
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Optionally each parallel connected auxiliary semiconductor switching element is or
includes a transistor having an emitter connected to the second connection terminal of
the corresponding main semiconductor switching element, a collector connected to the
first connection terminal of the corresponding main semiconductor switching element,
and a base connected to the corresponding control unit.

As mentioned above, transistors, especially those incorporating wide-band-gap
semiconducting materials, have desirable high voltage performance characteristics.

In another embodiment of the invention each semiconductor switching assembly includes
a first auxiliary semiconductor switching element connected in inverse-parallel with the
corresponding main semiconductor switching element and a second auxiliary
semiconductor switching element connected in parallel with the corresponding main

semiconductor switching element.

Such an arrangement provides each semiconductor switching assembly with bi-
directional functionality whereby it is able to selectively reduce the voltage across a
corresponding main semiconductor switching element when the said main
semiconductor switching element is either reverse-biased or forward-biased so as to
permit grading, i.e. balancing of the respective voltages across the various main
semiconductor switching elements, when the various main semiconductor switching

elements are in either such biased conditions.

Optionally each semiconductor switching assembly includes an auxiliary semiconductor
switching element selectively connectable in inverse-parallel and in parallel with the
corresponding main semiconductor switching element whereby when the auxiliary
semiconductor switching element is connected in inverse-parallel and switched on a first
alternative current path allows current to flow from the second connection terminal to the
first connection terminal of the corresponding main semiconductor switching element,
and whereby when the auxiliary semiconductor switching element is connected in
parallel and switched on a second alternative current path allows current to flow from the
first connection terminal to the second connection terminal of the corresponding main
semiconductor switching element.
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The inclusion in each semiconductor switching assembly of an auxiliary semiconductor
switching element which is selectively connectable in both inverse-parallel and parallel
with the corresponding main semiconductor switching element provides the ability to
grade the voltages across the main semiconductor switching elements when they are
either reverse-biased or forward-biased using only one auxiliary semiconductor switching
element.

Each auxiliary semiconductor switching element may be connected with first and second
pairs of passive current check elements in a full bridge arrangement between the first
and second connection terminals of the corresponding main semiconductor switching
element.

Such an arrangement permits current to flow through a respective auxiliary
semiconductor switching element when flowing both from the second connection terminal
of the corresponding main auxiliary switching element to the first connection terminal
thereof and vice versa.

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

Figure 1(a) shows a schematic view of a first semiconductor switching assembly
which forms a part of a semiconductor switching string according to a first embodiment of
the invention;

Figure 1(b) shows a schematic view of two of the first semiconductor switching
assemblies shown in Figure 1(a) connected in series with one another to form a portion
of the semiconductor switching string according to the first embodiment of the invention:;

Figure 2(a) illustrates how a difference in the turn-off performance characteristics
of respective main semiconductor switching elements in each of the semiconductor
switching assemblies shown in Figure 1(b) is compensated for;

Figure 2(b) illustrates the resulting change in voltage across each of the main
semiconductor switching elements as the compensation shown in Figure 2(a) takes
place;

Figure 3 shows a schematic view of a second semiconductor switching assembly
which forms a part of a semiconductor switching string according to a second
embodiment of the invention; and
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Figure 4 shows a schematic view of a fourth semiconductor switching assembly
which forms a part of a semiconductor switching string according to a fourth embodiment
of the invention.

The first semiconductor switching assembly 10 includes a main semiconductor switching
element 12 which has first and second connection terminals 14, 16. In the embodiment
shown the main semiconductor switching element 12 is a main thyristor 18, although in
other embodiments of the invention a different semiconductor switching element may be
used such as a diode, Light-Triggered Thyristor (LTT), Gate Turn-Off thyristor (GTO),
Gate Commutated Thyristor (GCT) or Integrated Gate Commutated Thyristor (IGCT).
Preferably the main semiconductor switching element 12 is optimised for lowest
conduction (on-state) losses at the expense of other parameters such as turn-on and
turn-off characteristics and off-state dv/dt capability.

The main thyristor 18 shown includes an anode 20 which defines the first connection
terminal 14, a cathode 22 which defines the second connection terminal 16, and a gate
24 that defines a control terminal 26 via which the main thyristor 18 may be switched on.

When the main thyristor 18 is so switched on, i.e. turned-on fully, current flows through
the main thyristor 18 from the first connection terminal 14 to the second connection
terminal 16, i.e. from the anode 20 to the cathode 22.

The main thyristor 18 has an auxiliary semiconductor switching element 28 which is
electrically connected between the first and second connection terminals 14, 16 of the
main thyristor 18, and the auxiliary semiconductor switching element 28 has a control
unit 30 that is operatively connected therewith. The control unit 30 is configured to switch
on the auxiliary semiconductor switching element 28 to selectively create an alternative
current path 32 between the first and second connection terminals 14, 16.

More particularly the auxiliary semiconductor switching element 28 is connected in
inverse-parallel with the main thyristor 18 such that when the auxiliary semiconductor
switching element is switched on the resulting alternative current path 32 is configured to
allow current to flow from the second connection terminal 16 to the first connection
terminal 14.

More particularly still the auxiliary semiconductor switching element 28 includes a
fransistor 34 which has an emitter 36 that is connected to the first connection terminal 14
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of the main thyristor 18, a collector 38 that is connected to the second connection
terminal 16 of the main thyristor 18, and a base 40 that is connected to the control unit
30.

The transistor 34 shown in Figure 1 is an n-channel insulated-gate bipolar transistor
(IGBT), although many other transistors may also be used such as, for example, a
bipolar junction transistor (BJT), a metal-oxide—semiconductor field-effect transistor
(MOSFET), or a junction gate field-effect transistor (JFET). A transistor assembly, such
as a MOSFET-JFET cascode circuit incorporating a super-cascode arrangement of 50V
MOSFETSs and a series string of 1200V SiC JFETSs, or a direct series connection of low
voltage MOSFETs or IGBTS, may also be used. In any event the transistor 34 shown has
a relatively high voltage rating of approximately 9kV to 10kV, but a relatively low current
rating of only a few tens of amps.

In the embodiment shown the transistor 34 has an anti-parallel diode 42 connected
thereacross which protects the transistor 34 from reverse voltages while the main
thyristor 18 is forward-biased. In other embodiments of the invention (not shown) the
separate anti-parallel diode 42 could be omitted and instead use made of an intrinsic
body-diode which is included within some transistors.

The auxiliary semiconductor switching element 28 shown in Figure 1(a) also includes an
optional current limiting element 44, in the form of a resistor 46, which is connected in
series with the transistor 34 and anti-parallel diode 42 combination mentioned above.
The auxiliary semiconductor switching element 28 also additionally includes a further,
series-connected diode 48 which is arranged to permit the flow of current through the
alternative current path 32 in the same direction as through the transistor 34. The further,
series-connected diode 48 is included, in conjunction with the anti-parallel diode 42, to
protect the transistor 34 from reverse voltages while the main thyristor 18 is forward-
biased.

In other embodiments of the invention in which the auxiliary semiconductor switching
element 28, i.e. the transistor 34, is capable of withstanding reverse voltage (while the
main semiconductor switching element 12, i.e. the main thyristor 18, is forward-biased)
the anti-paralle| diode 42 and the series-connected diode 48 may be omitted.

As well as having the auxiliary semiconductor switching element 28 connected in

inverse-parallel therewith, the main thyristor 18 also has a damping circuit (which
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includes a damping capacitor 50 and a damping resistor 52), as well as a further resistor
54, i.e. a DC grading resistor, connected in parallel between the first and second
connection terminals 14, 16.

In use an ideal thyristor would cease to conduct exactly at the instant when the current
flowing through the thyristor falls to zero. However a real thyristor, such as the main
thyristor 18 shown in Figure 1, continues to conduct current in a reverse direction (even
when the main thyristor 18 is switched off and in a so-called reverse-biased condition) for
some hundreds of microseconds after the current falls to zero, as illustrated
schematically in Figure 2(a). The time integral of this reverse current is the ‘reverse
recovered charge’ (Qr), i.e. stored charge, of the main thyristor 18.

In the embodiment shown, the main thyristor 18 has a lower Qthan, e.g. a second main
thyristor 56 in an otherwise identical further first semiconductor switching assembly 10
which is connected in series with the first semiconductor switching assembly 10 that
includes the first main thyristor 18, as shown in Figure 1(b).

In this way the two first semiconductor switching assemblies 10 together define a portion
of the semiconductor switching string 100 according to the first embodiment of the
invention, which additionally includes further series-connected first semiconductor
switching assemblies 10 (not shown). The two semiconductor switching assemblies 10
shown each has its own corresponding control unit 30. In other embodiments, however,
one or more such semiconductor switching assemblies 10 within a given semiconductor

switching string may share a common control unit.

Meanwhile, the aforementioned difference in Qr between the first and second main
thyristors 18, 56 arises because the first main thyristor 18 starts to turn off sooner than
the second main thyristor 56. As a result the reverse current flowing though the first main
thyristor 18 will start to reduce sooner than in the second main thyristor 56, as also
shown in Figure 2(a).

When the first and second main thyristors 18, 56 are connected in the series
arrangement shown in Figure 1(b), i.e. as a portion of the first semiconductor switching
string 100, the current flowing through the first semiconductor switching assembly 10 (i.e.
the switching assembly including the first main thyristor 18) must be the same as the
current flowing through the further first semiconductor switching assembly 10 (i.e. the

switching assembly including the second main thyristor 56). Since the first main thyristor

10
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18 turns off sooner (and so no longer conducts current) the difference in reverse current
flows into the damping circuit, i.e. the damping capacitor 50 and the damping resistor 52,
of the first main thyristor 18. This causes the voltage V across the first main thyristor 18
to build up sooner, and reach a larger reverse peak voltage (as shown by a first dashed
line 18 in Figure 2(b)), than the second main thyristor 56 with a higher Q«r(as shown by a
second dashed line 56 in Figure 2(b)).

Such operation, if left un-checked, gives rise to a voltage offset AV between the voltage
across the first main thyristor 18 and the voltage across the second main thyristor 56,
where the voltage offset AV is given by:

AV = AQy/ Cq

where

AQy is the difference in charge stored by the second main thyristor 56 and the
first main thyristor 18, and

Cais the value of the damping capacitor 50.

Such a voltage offset can persist for a long time such that it does not decay significantly
before the first main thyristor 18 is turned on again approximately 240 electrical degrees
later. Such a voltage offset can also significantly affect the timing point at which the
voltage across a given main thyristor 18, 56 crosses zero. This impacts on the accuracy
of an extinction angle that must be established, e.g. when the main thyristors 18, 56 form
part of a HVDC power converter which is operating as an inverter and requires that the
extinction angle includes a margin to accommodate such variations in stored charge.

However, in the case of the first semiconductor switching string 100 of the invention,
each control unit 30 is configured to switch on the corresponding auxiliary semiconductor
switching element 28, i.e. the corresponding transistor 34, while the corresponding first
main thyristor 18 is in the aforementioned reverse-biased condition and while a reverse
current | is flowing through the said first main thyristor 18, to create the corresponding
alternative current path 32 and thereby divert the reverse cumrent through the
corresponding alternative current path 32. Such diversion of the reverse current through
the corresponding alternative current path 32 prevents this current flowing into the
associated damping circuit which has the effect of inhibiting the build up of voltage
across the first main thyristor 18 (and so is equivalent to reducing the effective off-state

11
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impedance of the corresponding first main thyristor 18) such that the resulting voltage
across the corresponding first main thyristor 18 is reduced.

More particularly, each control unit 30 is configured to control the amount of current
directed to flow through the corresponding alternative current path 32 by switching the
corresponding transistor 34 on and off within a particular switching operation s, sz, s3, 4,
85, and to carry out such a switching operation s1, Sz, s3, S4, S5 five times during a given
operating cycle of the semiconductor switching string 100, i.e. while each main
semiconductor switching element 12, i.e. the main thyristors 18, 56, is in the reverse-
biased condition. As shown in Figure 2(a), the ratio of time for which the transistor 34 is
on (shown as shaded in Figure 2(a)) and off within each switching operation s, s2, 83, S4,
ssis different in each switching operation s4, s, s3, sS4, S550 as to adapt the switching of
the transistor 34 to the changing difference in the voltage across the first and second
main thyristors 18, 56. In other embodiments of the invention (not shown) more than or
fewer than five switching operations may be included in a given operating cycle of the
semiconductor switching string 100, and the on/off ratio during each such switching
operation may further differ from those shown in Figure 2(a).

In addition each control unit 30 is also configured to switch on the corresponding
transistor 34 when the voltage across the corresponding first main thyristor 18 differs
from a voltage reference derived from the voltage across all of the main semiconductor
switching elements 12 in the string 100.

In the first embodiment of semiconductor switching string 100 the voltage reference is
equivalent to the average voltage across all of the main semiconductor switching
elements 12 in the string 100, i.e. the average voltage across the first and second main
thyristors 18, 56 shown and all of the remaining main thyristors (not shown). Such an
average voltage could be established by a high bandwidth voltage divider across series-
connected first and second main thyristors 18, 56, or by having each main thyristor 18,
56 report its own voltage back to its corresponding control unit 30 (or another,
overarching control system or higher level controller) and for one of the control units 30
(or the overarching control system) to compute the average voltage (and, in the case of
an overarching control system, have that system re-transmit a signal representing the
said computed average voltage to each of the control units 30).

By way of example, with reference to the portion of the first semiconductor switching
string 100 shown in Figure 1(b), the control unit 30 of the first semiconductor switching

12
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assembly 10 compares the voltage across the first main thyristor 18 with the average
voltage and, when the voltage across the first main thyristor 18 is higher than the
average voltage, the control unit 30 switches the transistor 34 of the inverse-paralliel
connected auxiliary semiconductor switching element 28 on and off during the five
switching operations s, Sz, S3, S4, S5 80 as to selectively direct current through the
alternative current path 32 and thereby selectively inhibit the build up of voltage across
the first main thyristor 18. Such switching has the effect of passing an amount of charge
between the first and second terminals 14, 16 of the first main thyristor 18 which is equal
to the difference in the Qr of the first main thyristor 18 and the Qi of the second main
thyristor 56.

As indicated, this has the effect of reducing the voltage across the first main thyristor 18
(as illustrated by a first non-dashed line 18’ in Figure 2(a)) while increasing the voltage
across the second main thyristor 56, which was below the average voltage (as illustrated
by a second non-dashed line 56’ in Figure 2(a)). This has the net effect that the voltage
across both main thyristors 18, 56 is brought closer to the average voltage, i.e. the
voltage across both main thyristors 18, 56 approaches the voltage reference, such that
following a number of switching operations, e.g. five in the illustrated example, the
variation in the voltage across the main thyristors 18, 56 (and hence the variation in Qr
between the main thyristors 18, 56 arising from their differing turn-off performance
characteristics) is compensated for and cancelled out.

Such compensation for the variation in Q. between the main thyristors 18, 56 has the
additional benefit of reducing by between 70% and 90% the required capacitance Cqy of
the damping capacitor 50 and the power rating of the damping resistor 52.

In other embodiments of the invention (not shown) the or each control unit 30 may
instead utilise known or measured characteristics of the corresponding main
semiconductor switching element 12 to formulate a switching regime for the
corresponding inverse-parallel connected auxiliary semiconductor switching element 28.
Such a switching regime may be adapted to the said characteristics of the main
semiconductor switching element 12, e.g. the or each control unit 30 ‘learns’ the
behaviour of the corresponding main semiconductor switching element 12 and modifies
the switching of the corresponding inverse-parallel connected auxiliary semiconductor
switching element 28 accordingly.
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In the foregoing manner, within the semiconductor switching string 100 of series-
connected first semiconductor switching assemblies 10, each control unit 30 (or a single
control unit operatively connected to the inverse-parallel connected auxiliary
semiconductor switching element 28 of each main thyristor 18, if so configured)
compares the voltage across its corresponding main thyristor 18 with the voltage
reference.

Those main thyristors 18 whose voltage is above the voltage reference then have their
inverse-parallel connected auxiliary semiconductor switching element 28 switched on
and off by the corresponding control unit 30 to selectively divert current through the
corresponding alternative current path 32 in order to reduce the voltage across each of
the said above-average voltage main thyristors 18, so as to bring the voltage of these
main thyristors 18 closer to the voltage reference. This has the effect of increasing the
average voltage of the remaining below-average voltage main thyristors until eventually,
i.e. after a number of similar switching operations, all the main thyristors except the one
with the longest turn-off time (i.e. the largest Q) have had their respective turn-off time
discrepancies (i.e. their respective Qr discrepancies) compensated for.

A second semiconductor switching assembly, which is one of a plurality of series-
connected such semiconductor switching assemblies that together form a semiconductor
switching string according to a second embodiment of the invention, is shown in Figure 3
and is designated generally by reference numeral 70.

The second semiconductor switching assembly 70 is similar to the first semiconductor
switching assembly 10 and like features share the same reference numerals.

However, the second semiconductor switching assembly 70 differs from the first
semiconductor switching assembly 10 in that it includes an auxiliary semiconductor
switching element 72 that is connected in parallel with the main semiconductor switching
element 12, i.e. the main thyristor 18, such that when the parallel connected auxiliary
semiconductor switching element 72 is switched on the resulting alternative current path
32 allows current to flow from the first connection terminal 14 to the second connection
terminal 16 of the main thyristor 18.

A further difference is that in the second semiconductor switching assembly 70 the

control unit 30 is configured to switch on the parallel connected auxiliary semiconductor

switching element 72 while the main thyristor 18 is in a forward-biased condition, i.e.
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when the main thyristor 18 is switched off but experiences a positive voltage between its
first and second connection terminals 14, 16 such that it will allow current to flow through
the main thyristor 18 in a normal manner from the anode 20 to the cathode 22 on receipt
of a turn-on signal from the control unit 30.

The parallel connected auxiliary semiconductor switching element 72 similarly includes a
transistor 34 but, because of the parallel manner in which the auxiliary semiconductor
switching element 72 is electrically connected with the main thyristor 18, the emitter 36 of
the transistor 34 is instead connected to the second connection terminal 16 of the main
thyristor 18 and the collector 38 of the transistor 34 is instead connected to the first
connection terminal 14 of the main thyristor 18. The base 40 of the transistor 34 is again
connected to the control unit 30.

The transistor 34 in the parallel connected auxiliary semiconductor switching element 72
has the same ratings as the transistor 34 in the inverse-parallel connected auxiliary
semiconductor switching element 28 of the first semiconductor switching assembly 10,
i.e. a relatively high voltage rating of approximately 9kV to 10kV and a relatively low
current rating of only a few tens of amps.

The second semiconductor switching assembly 70 may be operated in essentially the
same manner as the first semiconductor switching assembly 10 in order to selectively
divert current through the alternative current path 32 (to reduce the effective impedance
of the main thyristor 18 and thereby reduce the voltage across the main thyristor 18)
while the main thyristor 18 is in a forward-biased condition. In other words, the control
unit 30 of the second semiconductor switching assembly 70 is configured to switch the
parallel connected auxiliary semiconductor switching element 72 on and off within a
plurality of switching operations to control the amount of current diverted to flow through
the alternative current path 32 (and hence to control the amount of charge passed
between the first and second terminals 14, 16 of the main thyristor 18) so that the voltage
across the main thyristor 18 approaches a voltage reference.

As such the semiconductor switching string according to a second embodiment of the
invention, i.e. including a plurality of series-connection second semiconductor switching
assemblies 70, is operable in a similar manner to the first semiconductor switching string
100 to permit grading, i.e. balancing, of the voltage across the plurality of respective
main semiconductor switching elements 12 while each such main semiconductor
switching element 12 is in a forward-biased condition.
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A still further semiconductor switching string according to a third embodiment of the
invention (not shown) includes a plurality of series-connected third semiconductor
switching assemblies, each of which includes both an inverse-parallel connected
auxiliary semiconductor switching element 28 (as per the first semiconductor switching
assembly 10) and a parallel connected auxiliary semiconductor switching element 72 (as
per the second semiconductor switching assembly 70).

In this regard, despite the use of a control unit 30 to switch the inverse-parallel
connected auxiliary semiconductor switching element 28 on and off while the main
thyristor 18 is in a reverse-biased condition in order to compensate for any variation in
Qr between respective main thyristors 18, 56 (and the voitage imbalance across the
main thyristors 18, 56 that would otherwise arise), residual voltage unbalancing effects
may arise while the main thyristor 18 remains switched off but is forward biased, i.e.
during the period of delay between the main thyristor 18 being switched on and it
becoming fully turned on, i.e. during turn on of the main thyristor 18.

Such residual voltage unbalancing effects may, for example, arise because of one or
more unintended variations in the level of reverse current diverted through a respective
alternative current path 32 provided by the corresponding inverse-parallel connected
auxiliary semiconductor switching element 28 when reducing the voltage across the
corresponding main thyristor 18 while it is reverse-biased.

In addition, in instances when the main thyristor 18 is self~commutated, voltage
imbalances can arise at turn-off of such main thyristors 18 because of differences
between respective main thyristors 18 in the time taken for the forward current after turn-
off to decay to zero, which is essentially equivalent to dissipating a given amount of
stored charge.

The third semiconductor switching assembly, and its inclusion of both inverse-parallel
and parallel connected auxiliary semiconductor switching elements 28, 72, is able to
compensate for any variation in Q. between respective main thyristors 18, 56 (and
achieve a balance in the voltage across the respective main thyristors 18, 56) when the
main thyristors 18, 56 are both reverse-biased and forward-biased. As such the third
semiconductor switching assembly permits a complete omission of the damping circuit,
i.e. the damping capacitor 50 and the damping resistor 52, while still permitting the third
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semiconductor switching string of which it forms a part to carry out voltage grading in
respect of each of the main semiconductor switching elements 12 therein.

A fourth semiconductor switching assembly, which is one of a plurality of series-
connected such semiconductor switching assembilies that together form a semiconductor
switching string according to a fourth embodiment of the invention, is shown in Figure 4
and is designated generally by reference numeral 110.

The fourth semiconductor switching assembly 110 has similarities with each of the first,
second and third semiconductor switching assemblies 10; 70 and like features share the
same reference numerals.

The fourth semiconductor switching assembly 110 is, however, different from each of the
aforementioned semiconductor switching assemblies 10; 70 in that it includes an
auxiliary semiconductor switching element 112 that is selectively connectable in both
inverse-parallel and parallel with a corresponding main semiconductor switching element
12 such that the auxiliary semiconductor switching element 112 has bidirectional
functionality. In this regard, when the bidirectional auxiliary semiconductor switching
element 112 is connected in inverse-parallel with the main semiconductor switching
element 112 (and switched on) a first alternative current flow path 114 allows current to
flow from the second connection terminal 16 to the first connection terminal 14 of the
main semiconductor switching element 12. Meanwhile, when the bidirectional auxiliary
semiconductor switching element 112 is connected in parallel with the main
semiconductor switching element 112 (and switched on) a second alternative current
flow path 116 allows current to flow from the first connection terminal 14 to the second

connection terminal 16 of the main semiconductor switching element 12.

More particularly, such bidirectional functionality is provided by connecting the
bidirectional auxiliary semiconductor switching element 112 with first and second pairs
118, 120 of passive current check elements 122, i.e. devices which allow current to flow
in one direction only which in the embodiment shown are diodes 124, in a full bridge
arrangement between the first and second connection terminals 14, 16 of the main

semiconductor switching element 12.
The fourth semiconductor switching assembly 110 operates in a similar manner to the

third semiconductor switching assembly, in that its inclusion of a bidirectional auxiliary

semiconductor switching element 112 which is selectively connectable in either inverse-
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parallel or parallel with the main semiconductor switching element 12 allows it to
compensate for any variation in Q. between its main semiconductor switching element
12, i.e. main thyristor 18, and the other main semiconductor switching elements 12 in the
fourth semiconductor switching string of which it forms a part (and thereby grade the
voltage across the said various main semiconductor switching elements 12 in the fourth
string) when the main semiconductor switching elements 12 are either reverse-biased or
forward-biased.

As such the fourth semiconductor switching assembly 110 permits a complete omission
of the damping circuit, i.e. the damping capacitor 50 and the damping resistor 52, while
still permitting the fourth semiconductor switching string of which it forms a part to carry
out the aforementioned voltage grading in respect of each of the main semiconductor
switching elements 12 therein.

In addition to the foregoing, a semiconductor switching string (not shown) according to a
further embodiment of the invention may include a plurality of series-connected
semiconductor switching assemblies made up of any combination of the first, second,
third or fourth semiconductor switching assemblies 10; 70; 110; described hereinabove.
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CLAIMS:

1. A semiconductor switching string, for use in a HVDC power converter,
comprising:

a plurality of series-connected semiconductor switching assemblies, each
semiconductor switching assembly having a main semiconductor switching element
including first and second connection terminals between which current flows from the first
terminal to the second terminal when the main semiconductor switching element is
switched on, the main semiconductor switching element having an auxiliary
semiconductor switching element electrically connected between the first and second
connection terminals thereof; and

a control unit operatively connected with each auxiliary semiconductor switching
element, the or each control unit being configured to switch on a respective auxiliary
semiconductor switching element to selectively create an alternative current path
between the first and second connection terminals associated therewith whereby current
is diverted to flow through the alternative current path to reduce the voltage across the
corresponding main semiconductor switching element, and the or each control unit being
further configured to switch on the said respective auxiliary semiconductor switching
element when the voltage across the corresponding main semiconductor switching
element differs from a voltage reference derived from the voltage across all of the main

semiconductor switching elements in the semiconductor switching string.

2. A semiconductor switching string according to Claim 1 wherein the voltage
reference is equivalent to the average voltage across all of the main semiconductor
switching elements in the semiconductor switching sfring.

3. A semiconductor switching string according to Claim 2 wherein the or each
control unit is configured to switch on a said respective auxiliary semiconductor switching
element when the voltage across the corresponding main semiconductor switching

element is greater than the voltage reference.

4, A semiconductor switching string according to any preceding claim wherein the or
each control unit is configured to control the amount of current diverted to flow through a
respective alternative current path so that the voltage across the corresponding main
semiconductor switching element approaches the voltage reference.
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5. A semiconductor switching string according to Claim 4 wherein the or each
control unit is configured to control the amount of current diverted to flow through a
respective alternative current path by selectively switching the corresponding auxiliary

semiconductor switching element on and off.

6. A semiconductor switching string according to Claim 5 wherein the or each
control unit is further configured to switch the said corresponding auxiliary semiconductor
switching element on and off within a switching operation a plurality of times in an
operating cycle of the semiconductor switching string.

7. A semiconductor switching string according to Claim 5 or Claim 6 wherein the
ratio of time for which a said corresponding auxiliary semiconductor switching element is
on and off within a switching operation differs during the operating cycle.

8. A semiconductor switching string according to any preceding claim wherein each
semiconductor switching assembly includes an auxiliary semiconductor switching
element connected in inverse-parallel with the corresponding main semiconductor
switching element whereby when the inverse-parallel connected auxiliary semiconductor
switching element is switched on the alternative current path is configured to allow
current to flow from the second connection terminal to the first connection terminal of the
corresponding main semiconductor switching element, and wherein the corresponding
control unit is configured to switch on a respective inverse-parallel connected auxiliary
semiconductor switching element while the corresponding main semiconductor switching
element is in a reverse-biased condition to divert current to flow through the so-
configured alternative current path to reduce the voltage across the corresponding main
semiconductor switching element.

9. A semiconductor switching string according to Claim 8 wherein each inverse-
parallel connected auxiliary semiconductor switching element is or includes a transistor
having an emitter connected to the first connection terminal of the corresponding main
semiconductor switching element, a collector connected to the second connection
terminal of the corresponding main semiconductor switching element, and a base
connected to the corresponding control unit.

10. A semiconductor switching string according to any of Claims 1 to 7 wherein each

semiconductor switching assembly includes an auxiliary semiconductor switching

element connected in parallel with the corresponding main semiconductor switching
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element whereby when the parallel connected auxiliary semiconductor switching element
is switched on the alternative current path is configured to allow current to flow from the
first connection terminal to the second connection terminal of the corresponding main
semiconductor switching element, and wherein the corresponding control unit is
configured to switch on a respective parallel connected auxiliary semiconductor switching
element while the corresponding main semiconductor switching element is in a forward-
biased condition to divert current to flow through the so-configured alternative current
path.

11. A semiconductor switching string according to Claim 10 wherein each parallel
connected auxiliary semiconductor switching element is or includes a transistor having
an emitter connected to the second connection terminal of the corresponding main
semiconductor switching element, a collector connected to the first connection terminal
of the corresponding main semiconductor switching element, and a base connected to
the corresponding control unit.

12. A semiconductor switching string according to any preceding claim wherein each
semiconductor switching assembly includes a first auxiliary semiconductor switching
element connected in inverse-parallel with the corresponding main semiconductor
switching element and a second auxiliary semiconductor switching element connected in
parallel with the corresponding main semiconductor switching element.

13. A semiconductor switching string according to any of Claims 1 to 7 wherein each
semiconductor switching assembly includes an auxiliary semiconductor switching
element selectively connectable in inverse-parallel and in parallel with the corresponding
main semiconductor switching element whereby when the auxiliary semiconductor
switching element is connected in inverse-parallel and switched on a first alternative
current path allows current to flow from the second connection terminal to the first
connection terminal of the corresponding main semiconductor switching element, and
whereby when the auxiliary semiconductor switching element is connected in parallel
and switched on a second alternative current path allows current to flow from the first
connection terminal to the second connection terminal of the corresponding main

semiconductor switching element.

14, A semiconductor switching string according to Claim 13 wherein each auxiliary
semiconductor switching element is connected with first and second pairs of passive
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current check elements in a full bridge arrangement between the first and second

connection terminals of the corresponding main semiconductor switching element.

22



WO 2014/198734 1/4 PCT/EP2014/062049

16, 2Z- A
Figure 1(a) Z%
/00
14,20 L 1’?2

Je

\ 12,(%

%, 22

16, Z

Figure 1(b)



PCT/EP2014/062049

2/4

3
=] A‘S
A D
A A
n\ﬂua N
2 N
A
| ) o
i —— =
NN 1 d
m”% v oo L

039,
XX
%05
35
&

2

LRI st
ORAHLS?
”/
D!
> /

Figure 2(b)

WO 2014/198734

A

\ 4

Y

SUBSTITUTE SHEET (RULE 26)



WO 2014/198734 PCT/EP2014/062049

3/4
_70
/‘?,Z-c:
/% e = P g
t2 I v
24726 "Co
’\ )
x___-_y 42 E,-/ga
~ i d f< - S
~ /7
/e,22 v 4‘““’/{\ $

2

Figure 3



WO 2014/198734 PCT/EP2014/062049
4/4

o

AN

122, (24

Figure 4



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2014/062049

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO3K17/0814  HO2M1/06
ADD.

HO2M3/18

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO3K HO2ZM

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data, INSPEC

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X US 2002/057540 Al (ITO HIROSHI [JP] ET AL)
16 May 2002 (2002-05-16)

abstract
paragraphs [0016],
[0083], [0100],

[6017], [0073] -
[0101]; figures 3,10
X US 2008/074816 Al (OMARU TAKESHI [JP])
27 March 2008 (2008-03-27)
paragraphs [0023] - [0049]; figures 1-3

1-14

1-14

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

the priority date claimed

"&" document member of the same patent family

Date of the actual completion of the international search

23 September 2014

Date of mailing of the international search report

30/09/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Meulemans, Bart

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2014/062049
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2002057540 Al 16-05-2002  CA 2361291 Al 13-05-2002
JP 2002208850 A 26-07-2002
US 2002057540 Al 16-05-2002
US 2003210509 Al 13-11-2003
US 2005041348 Al 24-02-2005
US 2008074816 Al 27-03-2008 CN 101154880 A 02-04-2008
DE 102007019524 Al 10-04-2008
JP 4675302 B2 20-04-2011
JP 2008079475 A 03-04-2008
US 2008074816 Al 27-03-2008

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - wo-search-report
	Page 29 - wo-search-report

