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(57) Abstract: There is a method of controlling a converter comprising first and second DC terminals for connection to a DC net -
work, the converter including at least one limb connected between the first and second DC terminals, the or each limb including: a
phase element having a plurality of switching elements and at least one AC terminal for connection to an AC network, the plurality
of switching elements being configured to be switchable to selectively interconnect a DC side voltage at a DC side of the phase ele -
ment and an AC side voltage at an AC side of the phase element; a first sub-converter connected in series with the DC side of the
phase element in an electrical block, the first sub-converter being configured to be controllable to act as a first voltage source; and a
second sub-converter connected in parallel with the electrical block, the second sub-converter being configured to be controllable to
act as a second voltage source. The method includes the steps of: (a) obtaining a respective DC side voltage demand (HB_A, HB_B,
HB_C) for the DC side voltage which the corresponding limb is required to track, and a DC converter voltage demand (Vdc) for the
DC converter voltage across the first and second DC terminals which the converter is required to track; (b) determining a sub-con-
verter voltage for each sub-converter that the sub-converter must contribute to track the corresponding required DC side voltage and
DC converter voltage demands (HB_A, HB_B, HB_C, Vdc); (c) controlling each sub-converter as the respective voltage source to
achieve the corresponding determined sub-converter voltage; and (d) carrying out mathematical optimization to determine one or
more optimal sub-converter voltages.
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A METHOD OF CONTROLLING A CONVERTER

This invention relates to a method of controlling a converter and to such a converter.

In high voltage direct current (HVDC) power transmission networks alternating current
(AC) power is typically converted to direct current (DC) power for transmission via
overhead lines, under-sea cables and/or underground cables. This conversion removes
the need to compensate for the AC capacitive load effects imposed by the power
transmission medium, i.e. 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.

The conversion between DC power and AC power is utilized in power transmission
networks where it is necessary to interconnect the DC and AC networks. In any such
power transmission network, converters are required at each interface between AC and
DC power to effect the required conversion; AC to DC or DC to AC.

According to a first aspect of the invention, there is provided a method of controlling a
converter comprising first and second DC terminals for connection to a DC network, the
converter including at least one limb connected between the first and second DC terminals,
the or each limb including:

a phase element having a plurality of switching elements and at least one AC
terminal for connection to an AC network, the plurality of switching elements being
configured to be switchable to selectively interconnect a DC side voltage at a DC side of
the phase element and an AC side voltage at an AC side of the phase element;

a first sub-converter connected in series with the DC side of the phase element in
an electrical block, the first sub-converter being configured to be controllable to act as a
first voltage source; and

a second sub-converter connected in parallel with the electrical block, the second
sub-converter being configured to be controllable to act as a second voltage source,

wherein the method includes the steps of:

(a) obtaining a respective DC side voltage demand for the DC side voltage which the
corresponding limb is required to track, and a DC converter voltage demand for the DC
converter voltage across the first and second DC terminals which the converter is required

to track;
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(b) determining a sub-converter voltage for each sub-converter that the sub-converter
must contribute to track the corresponding required DC side voltage and DC converter
voltage demands;

(c) controlling each sub-converter as the respective voltage source to achieve the
corresponding determined sub-converter voltage; and

(d) carrying out mathematical optimization to determine one or more optimal sub-

converter voltages.

Carrying out the aforementioned mathematical optimization step, i.e. selecting the best
sub-converter voltages (with regard to chosen criteria or constraints) from a set of available
alternatives, allows the instantaneous calculation of the optimal sub-converter voltages to
meet a number of criteria or constraints designed to maintain the operation of the converter
within its nominal voltage and current rating whilst meeting specified AC and DC side

power quality requirements.

In addition the method of the invention also permits variations in the performance of the or
each limb to be readily accommodated while operation of the converter as a whole
continues under abnormal conditions or when the converter experiences a dynamic
change in normal operating conditions. Such variations in the performance of the or each
limb is particularly advantageous when it comes to the operation of the converter under
abnormal operating conditions that could lead to a lack of sufficient information about the
voltage conditions of the converter and thereby result in unreliable operation of the

converter.

The method of the invention may be extended to further topologies of the converter.

In embodiments of the invention, the or each limb may further include a third sub-converter
connected in series with the corresponding first sub-converter, the or each third sub-
converter is configured to be controliable to act as a third voltage source, and the or each
second sub-converter is connected to a common connection point between the

corresponding first and third sub-converters to form a “T" arrangement.

In further embodiments of the invention, the converter may include a plurality of limbs

connected in series between the first and second DC terminals.

In embodiments of the invention employing the use of one or more third sub-converters,
the phase element of the at least one limb may include at least one AC terminal for



10

15

20

25

30

35

WO 2016/188927 3 PCT/EP2016/061501

connection to a respective phase of a multiphase AC network, and the converter further
includes at least two additional limbs connected in series with the at least one limb between
the first and second DC terminals, each additional limb including:

a phase element having a plurality of switching elements and at least one AC
terminal for connection to a respective phase of the multiphase AC network, the plurality
of switching elements being configured to be switchable o selectively interconnect a DC
side voltage at a DC side of the phase element and an AC side voltage at an AC side of
the phase element;

a first sub-converter connected in series with the DC side of the phase element in
an electrical block, the first sub-converter being configured to be controllable to act as a
first voltage source; and

a second sub-converter connected in parallel with the electrical block, the second
sub-converter being configured to be controliable to act as a second voltage source,

wherein the limbs may be arranged in series so that the third sub-converter of the

at least one limb is connected directly to one of the first and second DC terminals.

The method of the invention is further advantageous in that it has the flexibility to
accommodate additional criteria or constraints on the operation of the converter, whereby

the additional criteria or constraints may be permanent or temporary.

In one example, the method of the invention permits adaptation of the DC side voltage
demand to perform zero (soft) voltage switching of the switching elements of the or each
phase element and/or to introduce higher frequency pulse width modulation (PWM)
switching of the switching elements of the or each phase element.

In a further example, the method of the invention permits temporary adaptation of the
voltage demands to conform to a slight degradation in the AC or DC side power quality for

a short time period, e.g.100-200 ms whilst responding to a fault.

The method of controlling a converter may further include the steps of: obtaining a
respective first energy management voltage demand for each sub-converter which the
sub-converter is required to track to regulate the energy level of the corresponding first
sub-converter; and determining a sub-converter voltage for each sub-converter that the
sub-converter must contribute to track the corresponding required first energy
management voltage demand. This provides a reliable means for regulating the energy
level of the corresponding first sub-converter that includes one or more energy storage

devices capable of selectively storing and releasing energy.
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The method of controlling a converter may further include the steps of: obtaining a
respective first filtering voltage demand for each sub-converter which the sub-converter is
required to track to achieve active filtering of the DC converter voltage across the first and
second DC terminals; and determining a sub-converter voltage for each sub-converter that
the sub-converter must contribute to track the corresponding required first filtering voltage

demand.

The method of controlling a converter may further include the steps of: obtaining a
respective compensatory voltage demand for the or each first sub-converter which the first
sub-converter is required to track to compensate for a change in real power and/or reactive
power generated or absorbed at the AC side of the corresponding phase element; and
determining a sub-converter voltage for the or each first sub-converter that the first sub-
converter must contribute to track the corresponding required compensatory voltage

demand.

In embodiments of the invention employing the use of the or each third sub-converter, the
method may further include the steps of: obtaining a respective second filtering voltage
demand for the or each third sub-converter which the third sub-converter is required to
track to achieve active filtering of the DC converter voltage across the first and second DC
terminals; and determining a sub-converter voltage for the or each third sub-converter that
the third sub-converter must contribute to track the corresponding required second filtering

voltage demand.

In further embodiments of the invention employing the use of the or each third sub-
converter, the method may further include the steps of: obtaining a respective second
energy management voltage demand for each third sub-converter which the third sub-
converter is required to track to regulate the energy level of the corresponding third sub-
converter; and determining a sub-converter voltage for each third sub-converter that the
third sub-converter must contribute to track the corresponding required second energy
management voltage demand. This provides a reliable means for regulating the energy
level of the corresponding third sub-converter that includes one or more energy storage

devices capable of selectively storing and releasing energy.

Preferably carrying out mathematical optimization includes creating an equivalent

converter configuration which represents the voltage conditions in the converter.
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Creating an equivalent converter configuration in the aforementioned manner imposes
constraints on the way in which the converter can be controlled and so assists in carrying

out mathematical optimization to determine the or each optimal sub-converter voltage.

Creating an equivalent converter configuration which represents voltage conditions in the

converter may include mapping the voltage sources for the or each limb.

Mapping the voltage sources for the or each limb helps to tailor the method of control to a

given topology of the converter.

Optionally carrying out mathematical optimization may include applying a voltage
weighting to the relative voltage contribution provided by each voltage source.

Applying such weightings allows variations in the performance of the or each limb to be
further accommodated while continuing to optimise the operation of the converter as a

whole.

Applying a voltage weighting may include determining the or each voltage weighting
according to measured operating parameters of the converter.

Determining the weightings in the aforementioned manner allows the method to take into
account environmental factors which might affect the healthy operation of the converter,
and to alter the optimal sub-converter voltages in an effort to overcome the environmental
factors and alleviate the associated impact on the operation of the converter. Examples of
such environmental factors include the components in a limb running hot, or a limb

suffering component damage or failure such that its performance is degraded.

When controlling the converter under a particular operating condition, applying a voltage
weighting may include applying a different voltage weighting to at least one voltage source
such that the or each said voltage source provides a different contribution to the other

voltage sources.

Such a step allows the method to distinguish between one voltage source and another,

e.g. according to how well a given voltage source is performing.

This is useful in circumstances where it becomes desirable to reduce the sub-converter

voltage that a given voltage source must provide, e.g. in circumstances where a fault or
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other damage has degraded the performance of the given voltage source, such that the

converter remains able to continue operating and provide a high level of power conversion.

The method may include carrying out mathematical optimization to determine one or more
minimum individual sub-converter voltages that the corresponding sub-converter must

contribute to track the corresponding required voltage demands.

Determining one or more minimum individual sub-converter voltages permits a reduction

in the required voltage rating of the or each corresponding sub-converter.

According to a second aspect of the invention, there is provided a converter comprising
first and second DC terminals for connection to a DC network, the converter including at
least one limb connected between the first and second DC terminals, the or each limb
including:

a phase element having a plurality of switching elements and at least one AC
terminal for connection to an AC network, the plurality of switching elements being
configured to be switchable to selectively interconnect a DC side voltage at a DC side of
the phase element and an AC side voltage at an AC side of the phase element;

a first sub-converter connected in series with the DC side of the phase element in
an electrical block, the first sub-converter being configured to be controliable to act as a
first voltage source; and

a second sub-converter connected in parallel with the electrical block, the second
sub-converter being configured to be controllable to act as a second voltage source,

wherein the converter further includes a controller programmed fo:

(a) obtain a respective DC side voltage demand for the DC side voltage which the
corresponding limb is required to track, and a DC converter voltage demand for the DC
converter voltage across the first and second DC terminals which the converter is required
to track;

(b) determine a sub-converter voltage for each sub-converter that the sub-converter
must contribute to track the corresponding required DC side voltage and DC converter
voltage demands;

(c) control each sub-converter as the respective voltage source to achieve the
corresponding determined sub-converter voltage; and

(d) carry out mathematical optimization to determine one or more optimal sub-

converter voltages.
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The features and advantages of the method of the first aspect of the invention and its
embodiments apply mutatis mutandis to the converter of the second aspect of the

invention.

It will be appreciated that the use of the terms “first”, “second” and “third” in the patent
specification is merely intended to help distinguish between similar features (e.g. the first,
second and third sub-converters), and is not intended to indicate the relative importance

of one feature over another feature.

Preferred embodiments of the invention will now be described, by way of non-limiting

examples, with reference to the accompanying drawings in which:

Figure 1 shows schematically the topology of a converter according to a first
embodiment of the invention;

Figures 2a and 2b show schematically a 4-quadrant bipolar module and a 2-
quadrant unipolar module respectively;

Figure 3 illustrates schematically the operation of the converter of Figure 1;

Figure 4 shows a schematic representation of an equivalent converter configuration
of the converter of Figure 1;

Figure 5 illustrates schematically an exemplary layout of a controller of the
converter of Figure 1;

Figures 6 to 8 illustrate, in graphical form, the operation of the converter of Figure

Figure 9 shows schematically the topology of a converter according to a second
embodiment of the invention;

Figure 10 illustrates schematically the operation of the converter of Figure 9;

Figure 11 shows a schematic representation of an equivalent converter
configuration of the converter of Figure 9;

Figure 12 illustrates schematically an exemplary layout of a controller of the
converter of Figure 9;

Figures 13a to 18 illustrate, in graphical form, the operation of the converter of
Figure 9;

Figure 19 shows schematically the topology of a converter according to a third
embodiment of the invention;

Figure 20 shows a schematic representation of an equivalent converter

configuration of the converter of Figure 19; and



10

16

20

25

30

35

WO 2016/188927 8 PCT/EP2016/061501

Figure 21 illustrates schematically an exemplary layout of a controller of the

converter of Figure 19.

A converter according to a first embodiment of the invention is shown in Figure 1 and is

designated generally by the reference numeral 30.

The converter 30 comprises first and second DC terminals 32,34, a plurality of phase
elements 36, a plurality of first sub-converters 39, and a plurality of second sub-converters
38.

Each phase element 36 includes two parallel-connected pairs of series-connected
switching elements 40. A junction between each pair of series-connected switching
elements 40 defines an AC ferminal. The AC terminals of each phase element 36 define
the AC side 42 of that phase element 36.

In use, the AC terminals of each phase element 36 are interconnected by a respective one
of a plurality of open secondary transformer windings 44. Each secondary transformer
winding 44 is mutually coupled with a respective one of a plurality of primary transformer
windings 46. The plurality of primary transformer windings 46 are connected in a star
configuration in which a first end of each primary transformer winding 46 is connected to
a common junction 48 and a second end of each primary transformer winding 46 is
connected to a respective phase of a three-phase AC network 50. In this manner, in use,
the AC side 42 of each phase element 36 is connected to a respective phase of a three-
phase AC network 50.

The common junction 48 defines a neutral point of the plurality of primary transformer

windings 46, and is grounded (not shown).

A DC side of each phase element 36 is connected in series with a respective one of the
plurality of first sub-converters 39 to define an electrical block. Each second sub-converter
38 is connected in parallel with a respective one of the electrical blocks to form a limb.

Each sub-converter 38,39 includes a plurality of modules 52.
Each module 52 of each first sub-converter includes two pairs of switching elements 54

and an energy storage device 56 in the form of a capacitor. In each first sub-converter 38,
the pairs of switching elements 54 are connected in parallel with the capacitor 56 in a full-
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bridge arrangement to define a 4-quadrant bipolar module that can provide negative, zero

or positive voltage and can conduct current in two directions, as shown in Figure 2a.

Each module 52 of each second sub-converter 38 includes a pair of switching elements
54 and an energy storage device 56 in the form of a capacitor. In each second sub-
converter 38, the pair of switching elements 54 is connected in parallel with the capacitor
56 in a half-bridge arrangement to define a 2-quadrant unipolar module that can provide

zero or positive voltage and can conduct current in two directions, as shown in Figure 2b.

It is envisaged that, in other embodiments of the invention, at least one module of at least
one of the sub-converters of the converter may be replaced by another type of module that
includes at least one switching element and at least one energy storage device, the or
each switching element and the or each energy storage device in the or each other type
of module being arranged to be combinable to selectively provide a voltage source. For
example, at least one module of the first sub-converter may be replaced by a 2-quadrant
unipolar module and/or at least one module of the second sub-converter may be replaced

by a 4-quadrant bipolar module.

It is also envisaged that, in still other embodiments of the invention, at least one of the sub-
converters of the converter may include a combination of different types of modules, e.g.
a combination including at least one 4-quadrant bipolar module and at least one 2-

quadrant unipolar module.

The plurality of limbs is connected in series between the first and second DC terminals
32,34. In use, the first and second DC terminals 32,34 are respectively connected to first
and second terminals of a DC network 58, the first terminal of the DC network 58 carrying
a positive DC voltage, the second terminal of the DC network 58 carrying a negative DC

voltage.

The configuration of each limb as set out above means that, in use, a DC side voltage
appears across the parallel-connected pairs of series-connected switching elements 40 of

each phase element 36, i.e. at the DC side of each phase element 36.

As such, in use, each plurality of switching elements are switchable to selectively
interconnect the DC side voltage at the DC side of the corresponding phase element 36
and an AC side voltage at the AC side of the corresponding phase element 36. In the
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embodiment shown, each DC side voltage is a rectified version of the corresponding AC

side voltage, e.g. a sinusoid, and vice versa.

In other embodiments, it is envisaged that each phase element may include a plurality of
switching elements with a different configuration to selectively interconnect the DC side

voltage and the AC side voltage.

Each switching element 40,54 includes a single switching device. Each switching element
40,54 further includes a passive current check element that is connected in anti-parallel

with each switching device.

Each switching device is in the form of an insulated gate bipolar transistor (IGBT). It is
envisaged that, in other embodiments of the invention, each IGBT may be replaced by a
gate turn-off thyristor, a field effect transistor, an injection-enhanced gate transistor, an
integrated gate commutated thyristor or any other self-commutated switching device. The
number of switching devices in each switching element may vary depending on the

required voltage rating of that switching element.

Each passive current check element includes a passive current check device in the form
of adiode. Itis envisaged that, in other embodiments, each diode may be replaced by any
other device that is capable of limiting current flow in only one direction. The number of
passive current check devices in each passive current check element may vary depending

on the required voltage rating of that passive current check element.

It is further envisaged that, in other embodiments of the invention, each capacitor may be
replaced by another type of energy storage device that is capable of storing and releasing

energy, e.g. a fuel cell or battery.

The plurality of series-connected modules 52 in each sub-converter 38,39 defines a chain-

link converter.

The capacitor 56 of each module 52 is selectively bypassed or inserted into the chain-link
converter by changing the states of the switching elements 54. This selectively directs
current through the capacitor 56 or causes current to bypass the capacitor 56 so that the
module 52 provides a negative, zero or positive voltage in the case of each first sub-
converter 39, and the module 52 provides a zero or positive voltage in the case of each

second sub-converter 38.
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The capacitor 56 of the module 52 is bypassed when the switching elements 54 in the
module 52 are configured to form a short circuit in the module 52. This causes current in
the chain-link converter to pass through the short circuit and bypass the capacitor 56, and
so the module 52 provides a zero voltage, i.e. the module 52 is configured in a bypassed

mode.

The capacitor 56 of the module 52 is inserted into the chain-link converter when the
switching elements 54 in the module 52 are configured to allow the current in the chain-
link converter to flow into and out of the capacitor 56. The capacitor 56 then charges or
discharges its stored energy so as to provide a non-zero voltage, i.e. the module 52 is

configured in a non-bypassed mode.

It is envisaged that, in other embodiments of the invention, each module may be replaced
by another type of module that includes at least one switching element and at least one
energy storage device, the or each switching element and the or each energy storage

device in the or each module combining to selectively provide a voltage source.

The structure of the chain-link converter permits build-up of a combined voltage across the
chain-link converter, which is higher than the voltage available from each of its individual
modules 52, via the insertion of the energy storage devices 56 of multiple modules 52,
each providing its own voltage, into the chain-link converter. In this manner switching of
each sWitching element 54 in each module 52 causes the chain-link converter to provide
a stepped variable voltage source, which permits the generation of a voltage waveform
across the chain-link converter using a step-wise approximation. As such each chain-link

converter is capable of providing a wide range of complex voltage waveforms.

The configuration of the first and second sub-converters 39,38 permits their control as first

and second voltage sources respectively.

The series connection of the first sub-converter 39 and the DC side of the phase element
36 in each limb permits the control of the first sub-converter 39 as a first voltage source to
modify the DC side voltage at the DC side of the corresponding phase element 36. Such
modification of the DC side voltage at the DC side of the corresponding phase element 36
results in a corresponding modification of the AC side voltage at the AC side 42 of the
corresponding phase element 36.
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The parallel connection of the second sub-converter 38 and electrical block in each limb
permits the control of the second sub-converter 38 as a second voltage source to modify
a respective portion of the DC converter voltage across the first and second DC terminals
32,34 that is presented to the DC network.

The converter 30 further includes a controller 60 configured to control each sub-converter
38,39. '

Figure 3 illustrates various control functions of the controller 60.

The controller 60 is further configured to selectively perform a first control function, which
is selective control of each first sub-converter 39 to synthesize at least one first voltage
component so as to transfer energy to or from that first sub-converter 39 and thereby
regulate an energy level of that first sub-converter 39.

The or each first voltage component is synthesized to have the same frequency as a
current component of a current flowing through the corresponding first sub-converter 39,
and to be a positive integer multiple of a 2™ harmonic voltage component. In addition, the
or each first voltage component is synthesized to be in phase with a current component of

a current flowing through that first sub-converter 39.

The controller 60 is further configured to selectively control each second sub-converter 38
to synthesize a second voltage component that is in anti-phase with the respective first
voltage component. Control of each second sub-converter 38 ensures that the respective
DC side voliage, and therefore the AC voltage at the AC side of the respective phase
element 36, remains unmodified during the generation of the or each first voltage
component. Thus, energy level regulation of each first sub-converter 39 may be carried
out at any time during the operation of the converter 30 without affecting the power transfer
between the AC and DC networks 50,58.

The controller is further configured to selectively perform a second control function, which
is selective control of:

¢ each second sub-converter 38 to modify the respective portion of the DC converter

voltage to include at least two harmonic components, each harmonic component

being a positive integer multiple of a 2™ harmonic component (e.g. 2™, 4", 8", 10,

etc);
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¢ each first sub-converter 39 to synthesize a voltage waveform that includes at least
one harmonic component, the or each harmonic component being a positive

integer multiple of a 6™ harmonic component (e.g. 6", 12™, 18", etc).

The controller 60 is further configured to selectively control each second sub-converter 38
to modify the respective portion of the DC converter voltage to operate at a phase
difference nominally of 120 electrical degrees to the other portions of the DC converter

voltage.

Simultaneously controlling:

e each second sub-converter 38 to modify the respective portion of the DC converter
voltage to include at least two harmonic components, each harmonic component
being a positive integer multiple of a 2™ harmonic component; and

e each first sub-converter 39 to synthesize a voltage waveform that includes at least
one harmonic component, the or each harmonic component being a positive
integer multiple of a 6" harmonic component,

results in modification of the respective DC side voltage into a near-approximation of an
offset rectified sinusoidal waveform for presentation to the DC side of the respective phase
element 36. This results in formation of high quality AC sinusoidal waveforms with minimal

harmonic distortion at the AC sides of the phase elements 36.

The control of each sub-converter 38,39 in the manner set out above not only results in
cancellation of the harmonic components when the portions of the DC converter voltage
are summed, thus leaving a combined, ripple-free DC converter voltage across the first
and second DC terminals 32,34 for presentation to the DC network 58, but also actively
filters undesirable ripple harmonic components, each of which is a positive integer multiple
of a 6 harmonic component, that are present in the respective DC side voltage and
thereby prevents the undesirable ripple harmonic components from appearing in the DC
converter voltage presented to the DC network 58.

Furthermore the control of each second sub-converter 38 to modify the respective portion
of the DC converter voltage to include the harmonic components removes the need to
control each first sub-converter 39 to actively filter undesirable ripple harmonic
components that are not positive integer multiples of a 6 harmonic component, thus

reducing the required voltage rating of each first sub-converter 39.
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The controller 60 is further configured to selectively perform a third control function, which
is selective control of each first sub-converter 39 to generate a compensatory DC voltage
component for presentation to the DC side of the respective phase element 36 so as to
compensate for a change in the respective DC side voltage caused by the change in real
power and/or reactive power generated or absorbed at an AC side of the respective phase
element 36 and thereby inhibit the change in the respective DC side voltage from modifying

the respective portion of the DC converter voltage.

When the converter 30 is controlled to generate or absorb reactive power at the AC sides
of its phase elements 36 (e.g. through switching of the switching elements 40 of the phase
elements 36), the AC voltage at the AC side of each phase element 36 must increase or
decrease in magnitude. An increase or decrease in the AC voltage at the AC side of each
phase element 36 in turn results in an increase or decrease in the DC side voltage
presented to the DC side of each phase element 36, which then causes an increase or
decrease in each portion of the DC converter voltage and thereby alters the DC converter

voltage across the first and second DC terminals 32,34.

To inhibit the change in the respective DC side voltage from modifying the respective
portion of the DC converter voltage, the controller 60 controls each first sub-converter 39
to generate a compensatory DC voltage component for presentation to the DC side of the
respective phase element 36 so as to compensate for a change in the respective DC side
voltage caused by the change in reactive power generated or absorbed at an AC side of

the respective phase element 36.

Control of each first sub-converter 39 in accordance with the third control function inhibits
any effect a change in reactive power generated or absorbed at an AC side of the
respective phase element 36 might have on the respective portion of the DC converter
voltage. This thereby prevents any undesirable change in the respective portion of the DC
converter voltage that would have otherwise resulted from the change in reactive power
generated or absorbed at an AC side of the respective phase element 36.

The configuration of the caonverter 30 therefore permits operation of the converter 30 over
a wide range of real power and reactive power with little to zero detrimental effect on the

operation of the DC side of the converter 30.

The controller 60 is further configured to implement a first method of controlling the

converter 30.
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The first method comprises a first step of obtaining a respective DC side voltage demand
for the DC side voltage which the corresponding limb is required to track, and a DC
converter voltage demand for the DC converter voltage across the first and second DC

terminals 32,34 which the converter 30 is required to frack.

The first step further includes optional sub-steps of:

¢ obtaining a respective first energy management voltage demand for each sub-
converter 38,39 which the sub-converter 38,39 is required to track to regulate the
energy level of the corresponding first sub-converter 39, as per the first control
function;

e obtaining a respective first filtering voltage demand for each sub-converter 38,39
which the sub-converter 38,39 is required to track to achieve active filtering of the
DC converter voltage across the first and second DC terminals 32,34, as per the
second control function;

¢ obtaining a respective compensatory voltage demand for each first sub-converter
39 which the first sub-converter 39 is required to track to generate the

compensatory DC voltage component, as per the third control function.

The first method also includes a second step of determining a sub-converter voltage for
each sub-converter 38,39 that the sub-converter 38,39 must contribute to track the

corresponding required voltage demands.

The various demands may be obtained directly from a higher-level controller. Alternatively
the various demands may be obtained directly from the controller carrying out its own

calculations.

More particularly, the first method of the invention includes carrying out mathematical

optimization to determine a number of optimal sub-converter voltages.

Carrying out such mathematical optimization includes creating an equivalent converter
configuration which represents the voltage conditions in the converter 30, as shown in

Figure 4.

In the equivalent converter configuration shown, the sub-converter voltages of the first sub-

converters 39 are respectively represented by SFB_A, SFB_B and SFB_C, and the sub-
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converter voltages of the second sub-converters 38 are respectively represented by
PHB_A, PHB_B, PHB_C.

The equivalent converter configuration also represents the respective DC side voltage
HB_A, HB_B, HB_C that each limb is required to track, e.g. match as closely as possible,
and the DC converter voltage demand Vdc that the converter 30 is required to track.

Creating an equivalent converter configuration which represents the voltage conditions in
the converter 30 additionally includes mapping the voltage sources.

One way in which the voltage sources may be mapped is by conducting a Kirchhoff

analysis of the equivalent converter configuration to obtain the following equations:

HB_A=SFB_Apy, o+PHB Ay, o

HB_B=SFB_Bpy o+PHB B, ,

HB_C=SFB_Cpy o+PHB Cuy o
SFB_A=SFB_Apy 0 ~Venergy 4

SFB_B=SFB_Bpy g—Venery 8

SFB_C= SFB_CFiIt_Q - Venergy_C

PHB_A=PHB_Apy o+Vorersy 4

PHB_B=PHB _Bpy o+Verersy 5

PHB_C=PHB Cpy o+Veee ¢

Vdc=PHB _A+PHB _B+PHB C

Venergy Ar Venergy B, Venergy ¢ a@re the respective voltage components of the sub-converter
voltages that the first and second sub-converters 38,39 must contribute to track the

corresponding required first energy management voltage demands.

SFB_Arit_a, SFB_Brit_a, SFB_Crit_a are the respective sub-converter voltages that the first
sub-converters 39 need to be contribute to track the corresponding required filtering and
compensatory voltage demands, in addition to enabling the corresponding limb to track
the corresponding required DC side voltage demand HB_A, HB_B, HB_C and enabling
the converter 30 to track the corresponding required DC converter voltage demand Vdc.
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PHB_Afi o, PHB_Brit o, PHB_Crir o are the respective sub-converter voltages that the
second sub-converters 38 need to be contribute to track the corresponding required first
filtering voltage demands, in addition to enabling the corresponding limb to track the
corresponding required DC side voltage demand HB_A, HB_B, HB_C and enabling the

converter 30 to track the corresponding required DC converter voltage demand Vdc.

The preceding equations above are then expressed in a matrix form:

A.x=b
where
O 0 0 O 0 0 1 001 O00
o 0 0 O O 0 01 0O0OT10O0
o 0 0 O O O 0OT1O0O01
o 0 0 -1 0 010 0O0CO0CO0
4= o 0 0 0 -1t 0 010000
o 0 0 0 0 -100T1O0O00O0
-1 0 0 0 O O 0 O0OT1O0TD0O
0O -1 0 0 0 0 0O0O0O0OT1O0
O 0 -1 0 0 0 0 O0O0OCO0OTO0OT1
1 1 1.0 0 0 000 O0O00O0

x=lq x x %)
x,=(PHB_4 PHB_B PHB_C)
(SFB_4 SFB_B SFB_C)

x2=
Xy =\SFB_Apy, o SFB_Bmy g SFB—CFilt_Q)
x4=(PHB_AF,-,t‘Q PHB_Bry o PHB—CFHt_Q)

b=(b, b, b, VdcYf
b,=(HB_A HB_B HB_C)
b, =(7, % %

nergy _ A energy B energy _C

b3 = (_ Venergy_A - Venergv_B - Venergy_C

The matrix defines the equality constraints expressed as linear equations that the first
method employs to determine the optimal voltage sources to be provided through control
of the sub-converters 38,39 as the respective voltage sources to achieve the

corresponding determined sub-converter voltages.
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The aforementioned mathematical optimization step may include applying a voltage
weighting to the relative voltage contribution provided by each voltage source. The
respective voltage weighting for each voltage source is determined according to measured
operating parameters of the converter. The various voltage weightings can be determined
throughout operation of the converter 30 so as to permit an updating of the voltage
weightings, e.g. in response to changing environmental conditions. As a result the various

voltage weightings can vary as the converter 30 is controlled.

For example, during normal operation of the converter 30, an identical voltage weighting
is applied to each voltage source. However, when controlling the converter 30 under
certain abnormal operating conditions, e.g. unbalanced operating conditions, a different
voltage weighting is applied to the voltage contribution provided by at least one voltage

source.

In addition to the foregoing the first method includes carrying out mathematical
optimization to determine a minimum individual sub-converter voltage that each
corresponding sub-converter 38,39 must contribute to track the corresponding required

voltage demands.

One way in which the minimum individual sub-converter voltages may be determined and
the aforementioned individual voltage weightings applied to the voltage contributions of

the voltage sources is by solving a nonlinear optimization of the general form:
Ly
mxin]Voltage = ‘P(x(tl)) + flx(t), t)dt
to

subject to the equality constrained equation of the form:
Ax=b

where

Jvoitage 1S the voltage objective function to be minimized,

¥ is the voltage weighting at time t;;

f is the voltage cost function which in the embodiment described includes a
voltage weighting matrix @;;

x is a vector which is expressed above;

t, is the time at which a particular period of control of the converter 30 starts; and

t, is the time at which a particular period of control of the converter 30 ends.
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The voltage weighting matrix Q, is determined according to measured operating
parameters of the converter 30, and may be so determined throughout the operation of
the converter 30, such that it can vary as the said converter 30 is controlled in response to

changes in the operation of the converter 30.

Following the aforementioned steps the current objective function J(x) to be minimized is

then defined, i.e.

Jx)=x"Q,x

The current objective function J(x) is minimised subject to the equality constraints
expressed as linear equations above, where x is a vector which is expressed above, and

xT is the transpose of the vector x.

When subject only to an equality constrained equation, as mentioned above, the
Lagrangian (or the method of Lagrange multipliers) is a technique for solving the above-
identified nonlinear optimization in order to find local minima of the voltage objective
function Jy,irqge @and the current objective function J(x). it may also be solved using other

optimization algorithms, including iterative and programming algorithms.

As a general optimal control problem, the aforementioned nonlinear optimization could
additionally include one or more inequality constraints in which case it could be solved by

using the further method of Hamiltonian (Pontryagin's minimum principle).
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One example of such an inequality constraint is:

x d

FE [
iy PHB Cnx
SFB_A A e
SFB—B SFB_Bmax
SFB_C SFB_C max

C| SPBApueq | <| SFB-Arue g™

SFB_Brue o SFB Bryt o™
SFB_Crie g SFB_Crur o™
PHB Agye g PHB Arur o™
PHB_Bry: PHB._BFilt_Qmax
PHB _Cri: o PHB Crye ™™

where

C is a matrix which maps possible maximum voltages range provided by the sub-
converters 38,39; and

d is a vector representing of the maximum desired voltage in each sub-converter
38,39.

In either case the minimum sub-converter voltages SFB_Ari o, SFB_Brit o, SFB_Crit_a,
PHB_Arit o, PHB_Brit o, PHB_Crit @ may also be determined by solving a nonlinear

optimization of the form max {—Jvoitage}-

Meanwhile, the first method of the invention includes a third step of controlling each sub-
converter 38,39 as the respective voltage source to achieve the corresponding determined

sub-converter voltage.
Figure 5 illustrates schematically an exemplary layout of the controller 60.

The controller 60 includes an outer loops block that is configured to receive demands and
measurements and to output real and reactive power demands Porer, QOrer to @ converter
control block. The converter control biock is also configured to receive AC phase voltages
and currents Vabc_pec, labe_pec Measured at a point of common coupling connected to the AC
sides of the phase elements 36. The converter control block processes the received
values to output AC side voltage demands VconvA, VconvB, VconvC, which are then
converted into corresponding DC side voltage demands HB_A, HB_B, HB_C. The
converter control block also includes an energy management control sub-block that

defines the required first energy management voltage demands Venergy A, Venergy B, Venergy_c.
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The DC side voltage demands HB_A, HB_B, HB_C and the first energy management
voltage demands‘ Venergy A, Venergy B, Venergy_c a@re provided to a Voltage Mapping Method
(VMM) control block, which also receives a DC converter voltage demand Vdc. The VMM
control block determines the required voltage contributions SFB_Aria, SFB_BrFit q,
SFB_Crit_o, PHB_AFfit_a, PHB_Brit_a, PHB_Crit_a for the respective sub-converters 38,39
and then generates the corresponding voltage signals Vsre a, Vsrs_ g, Vsrs_c, VrHe_ A, VPHE B,
VpHe_c, wWhich are passed to a lower control loop (not shown) in the form of a switching
algorithm that is responsible for the switching commands for each module 52 of each sub-
converter 38,39. In this manner the sub-converters 38,39 can be operated as their
respective voltage sources to achieve the corresponding determined sub-converter

voltages.

Figure 6 illustrates, in graphical form, the operation of the converter 30 under balanced
operating conditions, where the real power demand is 1.0 PU and the reactive power
demand is 0.4 PU. It can be seen from Figure 6 that the controller 60 is able to operate
the converter 30 to maintain the desired AC and DC converter voltages required of the

balanced operating conditions.

Figure 7 illustrates, in graphical form, the operation of the converter 30 under unbalanced
| operating conditions, where one of the phases Phase_A of the AC network 50 experiences
a short to ground, the real power demand is 0.5 PU and the reactive power demand is 0.4
PU. It can be seen from Figure 7 that the fault in Phase_A results in a drop in the
corresponding AC phase voltage, and that the controller 60 is able to continue the
operation of the converter 30 under the unbalanced operating conditions whilst maintaining

the desired DC converter voltage.

Figure 8 illustrates, in graphical form, the operation of the converter 30 where the voltage
contribution of a given sub-converter 38 is dynamically reduced compared to the other
second sub-converters 38 (i.e. by changing its weight in the voltage weighting matrix Q).
More particularly, the voltage contribution PHB_B of the given sub-converter 38 is reduced
att=07stot=0.72 s. It can be seen from Figure 8 that the controller 60 is able to
operate the converter 30 to maintain the desired AC and DC converter voltages by
increasing the voltage contribution SFB_B of the corresponding sub-converter 39 to
compensate for the reduction in the voltage contribution PHB_B of the given sub-converter
38.



10

15

20

25

30

35

WO 2016/188927 22 PCT/EP2016/061501

It is shown therefore that the operation of the converter 30 of Figure 1 using the first method
allows the instantaneous calculation of the optimal sub-converter voltages to meet a
number of criteria or constraints designéed to maintain the operation of the converter 30
within its nominal voltage and current rating whilst meeting specified AC and DC side

power quality requirements, under various normal and abnormal operating conditions.

A converter according to a second embodiment of the invention is shown in Figure 9 and
is designated generally by the reference numeral 130. The converter 130 of Figure 9 is
similar in structure and operation to the converter 30 of Figure 1, and like features share

the same reference numerals.

The converter 130 of Figure 9 differs from the converter 30 of Figure 1 in that one of the
limbs of the converter 130 of Figure 9 further includes a third sub-converter 62 connected
in series with the corresponding first sub-converter 39, with the corresponding second sub-
converter 38 being connected to a common connection point between the corresponding

first and third sub-converters to form a “T” arrangement.

In the embodiment shown, the limbs are arranged in series so that the third sub-converter
is connected directly to the first DC terminal 32. This means that the DC converter voltage
across the first and second DC terminals 32,34 is the sum of the sub-converter voltages

of the second sub-converters 38 and the third sub-converter 62.

It is envisaged that, in other embodiments of the invention, the third sub-converter 62 may

be connected directly to the second DC terminal 34, instead of the first DC terminal 32.

The third sub-converter 62 is structurally and operationally configured as a chain-link
converter in the same manner as each first sub-converter 39 described above with
reference to the converter 30 of Figure 1. Thus, the third sub-converter 62 is configured

to be controllable to act as a third voltage source.

Figure 10 illustrates a control function of the controller 60.

The controller 60 is configured to perform a fourth control function, which is selective
control of the third sub-converter 62 to synthesize a voltage waveform that includes at least
one harmonic component, the or each harmonic component being a positive integer

multiple of a 6 harmonic component (e.g. 6", 12, 18™", etc).
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Controlling the third sub-converter 62 in this manner actively filters undesirable ripple
harmonic components, each of which is a positive integer multiple of a 6" harmonic
component, that are present in the corresponding DC side voltage and thereby prevents
undesirable ripple harmonic components from appearing in the DC converter voltage
presented to the DC electrical network 58.

It will be appreciated that it is not necessary to control each of the second sub-converters
38 to synthesize at least two 2™ harmonic components at the same time as controlling the
third sub-converter 62 to synthesize one or more 6™ harmonic components, which would
be the case if, for example, each first sub-converter 39 located on the other side of the “T”

arrangement was used as a harmonic filter.

It will be further appreciated that the controller 60 may be configured to selectively control
each first sub-converter 39 to synthesize one or more harmonic components in the form
of a 6" harmonic component or a positive integer multiple of a 6" harmonic component,

so as to share the active filtering duty with the third sub-converter 62.

The generation of harmonic voltages in the presence of a direct current means that in
principle there is no energy exchange with the third sub-converter 62 because the voltage

and current are at different frequencies.

The controller 60 is however further configured to selectively control the third sub-converter
62 to synthesize at least one other voltage component (e.g. a DC voltage component) so
as to transfer energy to or from the third sub-converter 62 and thereby minimise a net

change in energy level of the third sub-converter 62.

Controlling the third sub-converter 62 in this manner allows the injection of a relatively
small DC voltage to interact with the direct current flowing through the third sub-converter
62 and create a power and energy exchange mechanism that may be used for dynamic

stabilisation and compensation of losses.

So as to compensate for the effect of the third voltage component on the second sub-
converter 38 in each limb, the controller 60 is configured to selectively control each second
sub-converter 38 to synthesize one or more second voltage components to minimise a net
change in the DC voltage across the respective limb, where the or each second voltage

component is in the form of a 2" harmonic component.
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The controller 60 is further configured to implement a second method of controlling the

converter 130.

The second method comprises a first step of obtaining a respective DC side voltage
demand for the DC side voltage which the corresponding limb is required to track, and a
DC converter voltage demand for the DC converter voltage across the first and second DC

terminals 32,34 which the converter 130 is required to track.

The first step further includes optional sub-steps of:

e obtaining a respective first energy management voltage demand for each sub-
converter 38,39 which the sub-converter 38,39 is required to track to regulate the
energy level of the corresponding first sub-converter 39, as per the first control
function;

e obtaining a respective first filtering voltage demand for each sub-converter 38,39
which the sub-converter 38,39 is required to track to achieve active filtering of the
DC converter voltage across the first and second DC terminals 32,34, as per the
second control function;

e obtaining a respective compensatory voltage demand for each first sub-converter
39 which the first sub-converter 39 is required to track to generate the
compensatory DC voltage component, as per the third control function;

e obtaining a respective second filtering voltage demand for the third sub-converter
62 which the third sub-converter 62 is required to track to achieve active filtering of
the DC converter voltage across the first and second DC terminals 32,34, as per
the fourth control function;

e obtaining a respective second energy management voltage demand for the third
sub-converter 62 which the third sub-converter 62 is required to track to regulate

the energy level of the third sub-converter 62, as per the fourth control function.

The second method also includes a second step of determining a sub-converter voltage
for each sub-converter 38,39,62 that the sub-converter 38,39,62 must contribute to track

the corresponding required voltage demands.

The various demands may be obtained directly from a higher-level controller. Alternatively
the various demands may be obtained directly from the controller carrying out its own

calculations.
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More particularly, the second method of the invention includes carrying out mathematical

optimization to determine a number of optimal sub-converter voltages.

Carrying out such mathematical optimization includes creating an equivalent converter
configuration which represents the voltage conditions in the converter 130, as shown in
Figure 11.

In the equivalent converter configuration shown, the sub-converter voltages of the first sub-
converters 39 are respectively represented by SFB_A, SFB_B and SFB_C, the sub-
converter voltages of the second sub-converters 38 are respectively represented by
PHB_A, PHB_B, PHB_C, and the sub-converter voltage of the third sub-converter 62 is
represented by TFB.

The equivalent converter configuration also represents the respective DC side voltage
HB_A, HB_B, HB_C that each limb is required to track, e.g. match as closely as possible,
and the DC converter voltage demand Vdc that the converter 130 is required to track.

Creating an equivalent converter configuration which represents the voltage conditions in

the converter 130 additionally includes mapping the voltage sources.

One way in which the voltage sources may be mapped is by conducting a Kirchhoff

analysis of the equivalent converter configuration to obtain the following equations:

HB_A=SFB_Apy, o+PHB_Amy, o
AHB_BzSFB_BFi”_Q +PHB_BF1'1,_Q
IZ’B_C:SFB_CFiIt_Q+PHB_CF1'11‘_Q

energy _ A

SFB_B=SFB_Byy, oV,

energy B

SFB_C= SFB__CFiIr_Q _Venergy_C

PHB_A=PHB_Apy o+Vepergy 4

PHB_B=PHB By o+V,

energy _B

PHB_C:PHB_CF”[—Q +Venergy“C

TFB=TFBry o+ Venergyr

V, =PHB A+PHB_B+PHB_C+TFB
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Veneray A, Venergy B, Venergy ¢ are the respective voltage components of the sub-converter
voltages that the first and second sub-converters 38,39 must contribute to track the

corresponding required first energy management voltage demands.

SFB_Arit_a, SFB_Brit_a, SFB_Crix_q are the respective sub-converter voltages that the first
sub-converters 39 need to be contribute to track the corresponding required filtering and
compensatory voltage demands, in addition to enabling the corresponding limb to track
the corresponding required DC side voltage demand HB_A, HB_B, HB_C and enabling

the converter 130 to track the corresponding required DC converter voltage demand Vde.

PHB_Ari o, PHB_Brit o, PHB_Crit o are the respective sub-converter voltages that the
second sub-converters 38 need to be contribute to track the corresponding required first
filtering voltage demands, in addition to enabling the corresponding limb to track the
corresponding required DC side voltage demand HB_A, HB_B, HB_C and enabling the
converter 130 to track the corresponding required DC converter voltage demand Vdc.

Verergyr is the third voltage component of the sub-converter voltage that the third sub-
converter 62 must contribute to track the corresponding required second energy

management voltage demand.
TFBeit_a is the sub-converter voltage that the third sub-converter 62 needs to be contribute
to track the required second filtering voltage demands, in addition to enabling the converter

130 to track the corresponding required DC converter voltage demand Vdc.

The preceding equations above are then expressed in a matrix form:

Ad.x=b

where
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o 0 0 0 0 0 1 0010O0O0 O
0O 0 0 0 6 0 01 0O01O0O0 O
o ¢ 0 0 0 0 0O0O1O0O0OT1O0 O
¢ 0 0 -1 0 0 100O0O0CO0CO0 O
6 0 0 0 -1 0 01 00O0COTCO0 O
A={0 0 0 0 0 -1 0010000 O
-1 0 0 0 0 0 0O0O0C1O0O0O0C O
0 -10 0 0 0 0O0O0O0CT1O00O0 O
0 -1 0 0 0 00O0O0O0CT1O0 O
6 6 0 0 0 O O0O0O0COCO0OO0OTI -1
1 0 0 0 00O0O0O0CO0O0O 1

x=(x1 Xy X3 Xy xs)T

,=(PHB_4 PHB_B PHB_C)

,=(SFB_A SFB_B SFB_C)

(SFB Aoy o SFB_Bpy o SFB_Cry o)
+=(PHB_ 4y, , PHB_Bg, , PHB_Cpy o)
5=(TFBF,-,,_Q 1FB)

b=(b1 b2 b3 VenergyT VdC)
,=(HB_A4 HB_B HB_C)

I]

(Ve"ergy A energy B Vnergy C)

( Venelgy A energy B ~'Vene‘rgy_C

ll

The matrix defines the equality constraints expressed as linear equations that the second
method employs to determine the optimal voltage sources to be provided through control
of the sub-converters 38,39,62 as the respective voltage sources to achieve the

corresponding determined sub-converter voltages.

The aforementioned mathematical optimization step may include applying a voltage
weighting to the relative voltage contribution provided by each voltage source. The
respective voltage weighting for each voltage source is determined according to measured
operating parameters of the converter. The various voltage weightings can be determined
throughout operation of the converter 130 so as to permit an updating of the voltage
weightings, e.g. in response to changing environmental conditions. As a result the various

voltage weightings can vary as the converter 130 is controlled.

For example, during normal operation of the converter 130, an identical voltage weighting

is applied to each voltage source. However, when controlling the converter 130 under
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certain abnormal operating conditions, e.g. unbalanced operating conditions, a different
voltage weighting is applied to the voltage contribution provided by at least one voltage

source.

In addition to the foregoing the second method includes carrying out mathematical
optimization to determine a minimum individual sub-converter voltage that each
corresponding sub-converter 38,39,62 must contribute to track the corresponding required

voltage demands.

One way in which the minimum individual sub-converter voltages may be determined and
the aforementioned individual voltage weightings applied to the voltage contributions of
the voltage sources is by solving a nonlinear optimization in the same manner as that

described above with reference to the converter of Figure 9.

As a general optimal control problem, the aforementioned nonlinear optimization could
additionally include one or more inequality constraints in which case it could be solved by

using the further method of Hamiltonian (Pontryagin's minimum principle).

One example of such an inequality constraint is:

d
X
—TE PHB_A™=

A
PHB_ PHB_Bmax
PHB B o
PHB.C PHB_C
SFB_A SFB_A™*
SFBB SFB_B™%*
~ SFB_Cmax
SFBC -
SFB_Apie o SFB_Arir o
C| SFB_Brye g | S| SFBBrucg™™
SFB_Criit g SFB_Criyc ™"
PHB_AFUt_Q PHB_AFi[t_Qmax
PHB_Brut g PHB_Bgy o™
PHB Crus g PHB Cpyr o™
TFBFilt_Q TFB N max
Filt @
TFB TFgmaz

where

C is a matrix which maps possible maximum voltages range provided by the sub-
converters 38,39,62; and

d is a vector representing of the maximum desired voltage in each sub-converter
38,39,62.
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In either case the minimum sub-converter voltages SFB_Arii_a, SFB_BFi_q, SFB_Crit_a,
PHB_Arit o, PHB_BFit o, PHB_Crir, TFB may also be determined by solving a nonlinear

optimization of the form max {—Jvoitage}-

Meanwhile, the second method of the invention includes a third step of controlling each
sub-converter 38,39,62 as the respective voltage source to achieve the corresponding

determined sub-converter voltage.

Figure 12 illustrates schematically another exemplary layout of the controller 60 which is
identical to the layout shown in Figure 5, but with the addition of a second energy
management voltage demand Venergyr from the energy management control sub-block to
the VMM control block and with the addition of a new output voltage signal Vrrs from the
VMM control block to the lower control loop, where the new output voltage signal Vs

corresponds to the required voltage contribution TFB for the third sub-converter 62.

The second method of the invention provides the flexibility o operate the first sub-

converter 39 and the third sub-converter 62 to share the DC active filtering action.

Figures 13a to 15 illustrate, in graphical form, the operation of the converter 130 when the
third sub-converter 62 is operated to achieve a sub-converter voltage with a non-zero DC
voltage component. In the example shown in Figures 13a to 15, Venergyt has a zero value,

which would lead to a deviation in the energy level of the third sub-converter 62.

Figures 13a and 13b illustrate, in graphical form, the operation of the converter 130 under
balanced operating conditions, where the real power demand is 1.0 PU and the reactive
power demand is 0.4 PU. It can be seen from Figures 13a and 13b that the controller 60
is able to operate the converter 130 to maintain the desired AC and DC converter voltages

required of the balanced operating conditions.

Figures 14a and 14b illustrate, in graphical form, the operation of the converter 130 under
unbalanced operating conditions for the same voltage objective function Jy4144e @s Figures
13a and 13b, where one of the phases Phase_A of the AC network 50 experiences a short
to ground, the real power demand is 0.5 PU and the reactive power demand is 0.4 PU. It
can be seen from Figures 14a and 14b that the fault in Phase_A results in a drop in the
corresponding AC phase voltage, and that the controller 60 is able to continue the
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operation of the converter 130 under the unbalanced operating conditions whilst

maintaining the desired DC converter voltage.

Figure 15 illustrates, in graphical form, the presence of a non-zero DC voltage component
and 6%, 121 18%, 24" and 30th harmonic components in the sub-converter voltage of the
third sub-converter 62 that is operated under the balanced operating conditions shown in
Figures 13a and 13b.

Figures 16a to 18 illustrate, in graphical form, the operation of the converter 130 when the
third sub-converter 62 is operated to achieve a sub-converter voltage with a near zero DC

voltage component.

Figures 16a and 16b illustrate, in graphical form, the operation of the converter 130 under
balanced operating conditions, where the real power demand is 1.0 PU and the reactive
power demand is 0.4 PU. It can be seen from Figures 16a and 16b that the controller 60
is able to operate the converter 130 to maintain the desired AC and DC converter voltages

required of the balanced operating conditions.

Figures 17a and 17b illustrate, in graphical form, the operation of the converter 130 under
unbalanced operating conditions for the same voltage objective function Jy ;44 as Figures
16a and 16b, where one of the phases Phase_A of the AC network 50 experiences a short
to ground, the real power demand is 0.5 PU and the reactive power demand is 0.4 PU. It
can be seen from Figures 17a and 17b that the fault in Phase_A results in a drop in the
corresponding AC phase voltage, and that the controller 60 is able to continue the
operation of the converter 130 under the unbalanced operating conditions whilst

maintaining the desired DC converter voltage.

Figure 18 illustrates, in graphical form, the presence of 6%, 12 18" 24" and 30th
harmonic components in the sub-converter voltage of the third sub-converter 62 that is
operated under the balanced operating conditions shown in Figures 16a and 16b. It can
be seen from Figure 18 that the sub-converter voltage of the third sub-converter 62 is

controlled to mostly omit the DC voltage component.

It is shown therefore that the operation of the converter 130 of Figure 12 using the second
method allows the instantanecus calculation of the optimal sub-converter voltages to meet

a number of criteria or constraints designed to maintain the operation of the converter 130
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within its nominal voltage and current rating whilst meeting specified AC and DC side

power quality requirements, under various normal and abnormal operating conditions.

In addition it is shown, particularly in Figures 13a to 18, that the second method provides
the flexibility to operate the converter 130 in different ways for the same criteria or

constraints.

A converter according to a third embodiment of the invention is shown in Figure 19 and is
designated generally by the reference numeral 230. The converter 230 of Figure 19 is
similar in structure and operation to the converter 130 of Figure 9, and like features share

the same reference numerals.

The converter 230 of Figure 19 differs from the converter 130 of Figure 9 in that, instead
of having only one third sub-converter 62, the converter 230 of Figure 19 includes a
plurality of third sub-converters 62. More specifically, each limb of the converter 230 of
Figure 10 further includes a respective third sub-converter 62 connected in series with the
corresponding first sub-converter 39, with the corresponding second sub-converter 38
being connected to a common connection point between the corresponding first and third

sub-converters to form a “T” arrangement.

In the embodiment shown, the DC converter voltage across the first and second DC
terminals 32,34 is the sum of the sub-converter voltages of the second sub-converters 38

and the third sub-converters 62.

Each third sub-converter 62 is structurally and operationally configured as a chain-link
converter in the same manner as the third sub-converter 62 described above with
reference to the converter 130 of Figure 9. Thus, each third sub-converter 62 is configured

to be controliable to act as a third voltage source.

The controller 60 is further configured to implement a third method of controlling the
converter 230.

The third method comprises a first step of obtaining a respective DC side voltage demand
for the DC side voltage which the corresponding limb is required to track, and a DC
converter voltage demand for the DC converter voltage across the first and second DC

terminals 32,34 which the converter 230 is required to track.
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The first step further includes optional sub-steps of:

s obtaining a respective first energy management voltage demand for each sub-
converter 38,39 which the sub-converter 38,39 is required to track to regulate the
energy level of the corresponding first sub-converter 39, as per the first control
function;

¢ obtaining a respective first filtering voltage demand for each sub-converter 38,39
which the sub-converter 38,39 is required to track to achieve active filtering of the
DC converter voltage across the first and second DC terminals 32,34, as per the
second control function;

e obtaining a respective compensatory voltage demand for each first sub-converter
39 which the first sub-converter 39 is required to track to generate the
compensatory DC voltage component, as per the third control function;,

» obtaining a respective second filtering voltage demand for each third sub-converter
62 which the third sub-converter 62 is required to track to achieve active filtering of
the DC converter voltage across the first and second DC terminals 32,34, as per
the fourth control function;

» obtaining a respective second energy management voltage demand for each third
sub-converter 62 which the third sub-converter 62 is required to track to regulate

its energy level, as per the fourth control function.

The third method also includes a second step of determining a sub-converter voltage for
each sub-converter 38,39,62 that the sub-converter 38,39,62 must contribute to track the

corresponding required voltage demands.

The various demands may be obtained directly from a higher-level controller. Alternatively
the various demands may be obtained directly from the controller carrying out its own

calculations.

More particularly, the third method of the invention includes carrying out mathematical

optimization to determine a number of optimal sub-converter voltages.

Carrying out such mathematical optimization includes creating an equivalent converter
configuration which represents the voltage conditions in the converter 230, as shown in

Figure 20.

In the equivalent converter configuration shown, the sub-converter voltages of the first sub-

converters 39 are respectively represented by SFB_A, SFB_B and SFB_C, the sub-
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converter voltages of the second sub-converters 38 are respectively represented by
PHB_A, PHB_B, PHB_C, and the sub-converter voltages of the third sub-converters 62
are respectively represented by TFB_A, TFB_B and TFB_C.

The equivalent converter configuration also represents the respective DC side voltage
HB_A, HB_B, HB_C that each limb is required to track, e.g. match as closely as possible,
and the DC converter voltage demand Vdc that the converter 230 is required to track.

Creating an equivalent converter configuration which represents the voltage conditions in

the converter 230 additionally includes mapping the voltage sources.

One way in which the voltage sources may be mapped is by conducting a Kirchhoff

analysis of the equivalent converter configuration to obtain the following equations:

HB 4 =SFB_AFm_Q +PfB_AFi,,_Q
I{B_B:SFB_BF’-”_Q +PJJB__BFH,_Q
HB_C=5FB_Cgy og+PHB _Cpy o

SFB_A=SFB_Amy o~V

nergy _ A

SFB_B=SFB_Bry 0~Vererey 5

SFB_C = SFB_CF[II_Q _Venergy_C

PHB_A=PHB _Apy o+Verergy 4

PHB_B=PHB_Bpy g+Veyerg 5

PHB_C=PHB _Cpry o+Veerg ¢

TFB_A=TFB_Apy g+Venergyr 4

TFB_B:TFB_BFH!_Q +Ve’nergyT_B

TFB_C:TFB_CFiIt_Q +VenergyT_C

V, =PHB_A+PHB_B+PHB_C+TFB_A+TFB_B+IFB _C

Venergy A, Venergy B, Venergy ¢ are the respective voltage components of the sub-converter
voltages that the first and second sub-converters 38,39 must contribute to track the

corresponding required first energy management voltage demands.

SFB_Arit_a, SFB_Brita, SFB_Crit_q are the respective sub-converter voltages that the first
sub-converters 39 need to be contribute to track the corresponding required filtering and
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compensatory voltage demands, in addition to enabling the corresponding limb to track
the corresponding required DC side voltage demand HB_A, HB_B, HB_C and enabling
the converter 230 to track the corresponding required DC converter voltage demand Vdc.

PHB_AFit_a, PHB_Brii_o, PHB_Crit_a are the respective sub-converter voltages that the
second sub-converters 38 need to be contribute to track the corresponding required first
filtering voltage demands, in addition to enabling the corresponding limb to track the
corresponding required DC side voltage demand HB_A, HB_B, HB_C and enabling the

converter 230 to track the corresponding required DC converter voltage demand Vdc.

VenergyT_A, VenerayT B, Venergyt_c are the third voltage components of the sub-converter voltage
that the third sub-converters 62 must contribute to track the corresponding required second

energy management voltage demands.

TFB_Arit o, TFB_Brit o, TFB_Crit o are the sub-converter voltages that the third sub-
converters 62 needs to be contribute to track the required second filtering voltage
demands, in addition to enabling the converter 230 to track the corresponding required DC

converter voltage demand Vdc.

The preceding equations above are then expressed in a matrix form:

Ad.x=b
where
6 0 0 O O 0 1 0O0T1O0O0ODO0OO0OO0OCUO0O O 0
o 6 o0 0 0 0 01001 O0O0CO0ODCO0DO0O O O
0 0 0 0 0 0 0O0T1O0Q 01000 O0 0 0
0o 6 0 -1 0 0 1 000O0OO0CO0COCO OC 0 O
o ¢ 0 0 -1 0 01 00O0OO0ODO0COO0OO0O O O
o 0 0 0 0 -1 001 06O0O0ODO0ODO0CO O0OC 0 O
A=-1 0 0 O 0 O 0001 O0O0O0OO0CO0O O0C 0O O
60 -1 0 0 0 O 0O0OO0OOTI1 ODOOO O O O
o 06 -1 0 0 0 0 O0O0OOCTI1O0OO0OO0ODTO0O O O
0o 0 0 0 0 O 00O0COO0OCODIOODS-TO0O O
O 0 0 ¢ 0 O 0O0O0OOO0OCODOTILI O O -1 0
0O 0 0 ¢ O O 0O0O0OO0OO0ODO0DODO0OTIT O 0 -1
i 1 1 0 0 O O0O0OOOCOCOOODO 1 1 1
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x=(x1 Xy X3 Xg X5 x6)T
x,=(PHB_4 PHB_B PHB_C)
(SFB_4 SFB_B SFB_C)

Xy =

X3 = SFB__AF!'[!MQ SFB_BFHIAQ SFB—CFiIt_Q)
%, =(PHB_Ary o PHB_Bpy, 5 PHB_Cpy o)
x5 =(TFB_Agy o TFB_Bry o TFB_Cpy o)

x¢=(TFB_4 TFB_B TFB_C)

b=(b1 by by by Vy )T
b =(HB_A HB_B HB_C)
b, =V, % %

nergy _ A energy B energy C
b3 = (— Venerg}" 4 7 Venergy_ B Venergv_ C

b4 = (_ VenergyT 4 VenergyT_B - Venerg/T_C

The matrix defines the equality constraints expressed as linear equations that the third
method employs to determine the optimal voltage sources to be provided through control
of the sub-converters 38,39,62 as the respective voltage sources to achieve the

corresponding determined sub-converter voltages.

The aforementioned mathematical optimization step may be subject to an application of a
voltage weighting to the relative voltage contribution provided by each voltage source and
a mathematical optimization to determine a minimum individual sub-converter voltage that
each corresponding sub-converter 38,39,62 must contribute to track the corresponding
required voltage demands, each of which may be carried out in the same manner as

described above with reference to the converter 130 of Figure 9.

Meanwhile, the third method of the invention includes a third step of controlling each sub-
converter 38,39,62 as the respective voltage source to achieve the corresponding

determined sub-converter voltage.

Figure 21 illustrates schematically another exemplary layout of the controller 60 which is
identical to the layout shown in Figure 11, except that the second energy management
voltage demand Venergyt is replaced by a plurality of second energy management voltage
demands VenergyT A, VenergyT A, Venergy A @nd the output voltage signal Vs is replaced by a
plurality of output voltage signals Virs_a, VTrs B, Vrre_c, Which respectively correspond to

the required voltage contributions Vrrs a, Vrre B, Vrre _c for the third sub-converters 62.
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It is envisaged that, in other embodiments of the invention, the configuration of each sub-
converter may vary as long as each sub-converter is capable of being controllable as a

voltage source.

In the embodiments shown, the AC side 42 of each phase element 36 is connected to a
respective phase of a three-phase AC network 50. It is envisaged that, in other
embodiments, the number of limbs in the converter may vary with the number of phases
of a multi-phase AC network, and the AC side of each phase element may be connected

to a respective phase of the multi-phase phase AC network.



10

15

20

25

30

35

WO 2016/188927 37 PCT/EP2016/061501

CLAIMS

1. A method of controlling a converter comprising first and second DC terminals for
connection to a DC network, the converter including at least one limb connected between
the first and second DC terminals, the or each limb including:

a phase element having a plurality of switching elements and at least one AC
terminal for connection to an AC network, the plurality of switching elements being
configured to be switchable to selectively interconnect a DC side voltage at a DC side of
the phase element and an AC side voltage at an AC side of the phase element;

a first sub-converter connected in series with the DC side of the phase element in
an electrical block, the first sub-converter being configured to be controllable to act as a
first voltage source; and

a second sub-converter connected in parallel with the electrical block, the second
sub-converter being configured to be controllable to act as a second voltage source,

wherein the method includes the steps of:

(a) obtaining a respective DC side voltage demand for the DC side voltage which the
corresponding limb is required to track, and a DC converter voltage demand for the DC
converter voltage across the first and second DC terminals which the converter is required
to track;

(b) determining a sub-converter voltage for each sub-converter that the sub-converter
must contribute to track the corresponding required DC side voltage and DC converter
voltage demands;

(¢) controlling each sub-converter as the respective voltage source to achieve the
corresponding determined sub-converter voltage; and

(d) carrying out mathematical optimization to determine one or more optimal sub-

converter voltages.

2. A method of controlling a converter according to Claim 1 wherein the or each limb
further includes a third sub-converter connected in series with the corresponding first sub-
converter, the or each third sub-converter is configured to be controllable to act as a third
voltage source, and the or each second sub-converter is connected to a common
connection point between the corresponding first and third sub-converters to form a “T”

arrangement.

3. A method of controlling a converter according to any preceding claim wherein the
converter includes a plurality of limbs connected in series between the first and second

DC terminals.
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4. A method of controlling a converter according to Claim 2 wherein the phase
element of the at least one limb includes at least one AC terminal for connection to a
respective phase of a multiphase AC network, and the converter further includes at least
two additional limbs connected in series with the at least one limb between the first and
second DC terminals, each additional limb including:

a phase element having a plurality of switching elements and at least one AC
terminal for connection to a respective phase of the multiphase AC network, the plurality
of switching elements being configured to be switchable to selectively interconnect a DC
side voltage at a DC side of the phase element and an AC side voltage at an AC side of
the phase element;

a first sub-converter connected in series with the DC side of the phase element in
an electrical block, the first sub-converter being configured to be controllable to act as a
first voltage source; and

a second sub-converter connected in parallel with the electrical block, the second
sub-converter being configured to be controllable to act as a second voltage source,

wherein the limbs are arranged in series so that the third sub-converter of the at

least one limb is connected directly fo one of the first and second DC terminals.

5. A method of controlling a converter according to any preceding claim further
including the steps of: obtaining a respective first energy management voltage demand for
each sub-converter which the sub-converter is required to track to regulate the energy
level of the corresponding first sub-converter; and determining a sub-converter voltage for
each sub-converter that the sub-converter must contribute to track the corresponding

required first energy management voltage demand.

6. A method of controlling a converter according to any preceding claim further
including the steps of: obtaining a respective first filtering voltage demand for each sub-
converter which the sub-converter is required to track to achieve active filtering of the DC
converter voltage across the first and second DC terminals; and determining a sub-
converter voltage for each sub-converter that the sub-converter must contribute to track

the corresponding required first filtering voltage demand.

7. A method of controlling a converter according to any preceding claim further
including the steps of: obtaining a respective compensatory voltage demand for the or
each first sub-converter which the first sub-converter is required to track to compensate

for a change in real power and/or reactive power generated or absorbed at the AC side of
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the corresponding phase element; and determining a sub-converter voltage for the or each
first sub-converter that the first sub-converter must contribute to track the corresponding

required compensatory voltage demand.

8. A method of controlling a converter according to Claim 2 or any claim dependent
thereon further including the steps of: obtaining a respective second filtering voltage
demand for the or each third sub-converter which the third sub-converter is required to
track to achieve active filtering of the DC converter voltage across the first and second DC
terminals; and determining a sub-converter voltage for the or each third sub-converter that
the third sub-converter must contribute to track the corresponding required second filtering

voltage demand.

9. A method of controlling a converter according to Claim 2 or any claim dependent
thereon further including the steps of: obtaining a respective second energy management
voltage demand for the or each third sub-converter which the third sub-converter is
required to track to regulate the energy level of the corresponding third sub-converter; and
determining a sub-converter voltage for each third sub-converter that the third sub-
converter must contribute to track the corresponding required second energy management

voltage demand.

10. A method of controlling a converter according to any preceding claim wherein
carrying out mathematical optimization includes creating an equivalent converter

configuration which represents the voltage conditions in the converter.

11. A method of controlling a converter according to Claim 10 wherein creating an
equivalent converter configuration which represents voltage conditions in the converter

includes mapping the voltage sources for the or each limb.

12. A method of controlling a converter according to any preceding claim wherein
carrying out mathematical optimization includes applying a voltage weighting to the relative

voltage contribution provided by each voltage source.

13. A method of controlling a converter according to Claim 12 wherein applying a
voltage weighting includes determining the or each voltage weighting according to

measured operating parameters of the converter.
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14. A method of controlling a converter according to Claim 12 or Claim 13 wherein,
when controlling the converter under a particular operating condition, applying a voltage
weighting includes applying a different voltage weighting to at least one voltage source
such that the or each said voltage source provides a different contribution to the other

voltage sources.

15. A method of controlling a converter according to any preceding claim including
carrying out mathematical optimization to determine one or more minimum individual sub-
converter voltages that the corresponding sub-converter must contribute to track the

corresponding required voltage demands.

16. A converter comprising first and second DC terminals for connection to a DC
network, the converter including at least one limb connected between the first and second
DC terminals, the or each limb including:

a phase element having a plurality of switching elements and at least one AC
terminal for connection to an AC network, the plurality of switching elements being
configured to be switchable to selectively interconnect a DC side voltage at a DC side of
the phase element and an AC side voltage at an AC side of the phase element;

a first sub-converter connected in series with the DC side of the phase element in
an electrical block, the first sub-converter being configured to be controllable to act as a
first voltage source; and

a second sub-converter connected in parallel with the electrical block, the second
sub-converter being configured to be controllable to act as a second voltage source,

wherein the converter further includes a controller programmed to:

(a) obtain a respective DC side voltage demand for the DC side voltage which the
corresponding limb is required to track, and a DC converter voltage demand for the DC
converter voltage across the first and second DC terminals which the converter is required
fo track;

(b) determine a sub-converter voltage for each sub-converter that the sub-converter
must contribute to track the corresponding required DC side voltage and DC converter
voltage demands;

(c) control each sub-converter as the respective voltage source to achieve the
corresponding determined sub-converter voltage; and

(d) carry out mathematical optimization to determine one or more optimal sub-

converter voltages.
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