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(57) Abstract: A controller (40), for controlling a multiphase voltage source converter, comprises a vector control module (42) that
is contigured to generate multiphase voltage demand waveforms (v,, vs, ve) that the voltage source converter subsequently is required
to provide. The vector control module (42) generates the multiphase voltage demand waveforms (ve, vs, v¢) from respective converter
voltage output phase waveforms (V,, Vs and V) that are measured at corresponding AC outputs of the voltage source converter. The
vector control module (42) includes a transformation element (44) which is configured to transform the respective converter voltage
output phase wavetorms (V,, Vs, and V.) into symmetrical sequence rotating reference frame terms. The vector control module (42)
also includes a distortion element (46) that is configured to introduce harmonic distortion into the generated multiphase demand
waveforms (v,, vs v.). The distortion element (46) includes a time-varying conversion element (48) that is contigured to convert the
symmetrical sequence terms directly into respective time-varying waveforms (58, 60, 62, 68, 70, 72) utilising only sine and cosine
instantaneous reference terms, and a manipulation element (74) which is configured to carry out non-trigonometric manipulation of
the time-varying waveforms (58, 60, 62, 68, 70, 72) to introduce the said harmonic distortion into the generated multiphase voltage
demand wavetorms (v,, vs, Vo).



10

15

20

25

30

35

WO 2015/104429 PCT/EP2015/050513

A CONTROLLER FOR A VOLTAGE SOURCE CONVERTER

This invention relates to a controller for a voltage source converter which forms part of a
high voltage power transmission network. The invention also relates to a voltage source
converter including such a controller, and to a power transmission network which includes

such a voltage source 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 and/or under-sea 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 of DC power to AC power is utilized in power transmission networks where
it is necessary to interconnect the DC and AC electrical 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. One such power converter

is a voltage source converter,

Voltage source converters need to be controlled to efficiently transmit power between the
AC and DC networks.

One way in which such voltage source converters may be controlled is by so-called vector

control which simplifies the representation of multiphase power transmission networks.

Figure 1 shows a schematic view of an AC portion 10 of a typical power transmission
network, together with an associated conventional vector control module 12. The AC
portion 10 of the network includes an AC network 14 which is electrically coupled to a
voltage source converter 16 via a point of common coupling (PCC) 30.

The vector control module 12 measures various output characteristics of the voltage
source converter 16 including output voltage and current waveforms. In a multiphase AC
portion 10 the vector control module 12 measures the aforementioned voltage and current
waveforms for each output phase of the voltage source converter 16. For example, in a

three phase converter 16 having phases a, b, ¢, such as the one shown in Figure 3, the
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vector control module would measure three separate voltage output phase waveforms 18a,

18b, 18c, and three separate current output phase waveforms 20a, 20b, 20c.

In order to simplify the representation of the various converter output phase waveforms
18a, 18b, 18c, 20a, 20b, 20c the vector control module 12 often includes a transformation
element 22 which converts each respective converter output phase waveform 18a, 18b,
18c¢, 20a, 20b, 20c into symmetrical sequence rotating reference frame terms. Such
symmetrical sequence terms include positive p sequence, negative n sequence and zero
sequence variables which when taken separately transform into symmetrical sets of

voltages or currents.

The rotating reference frame has direct d, i.e. real, and quadrature q, i.e. imaginary, axes
that rotate at a frequency wt which is the instantaneous reference power frequency at
which the voltage source converter 16 is operating. As such each of the positive p
sequence, negative n sequence and zero sequence variables has a direct d and

quadrature g component.

The vector control module 12 also receives voltage demand and current demand
waveforms 24, 26 which are similarly in the form of symmetrical sequence terms. The
vector control module 12 uses the symmetrical sequence terms for one or more of the
voltage and current demand waveforms 24, 26, along with the symmetrical sequence
terms for the corresponding measured converter output phase waveforms 18a, 18b, 18c,
20a, 20b, 20c, to generate respective phase voltage demand waveforms 28a, 28b, 28c
that each phase of the voltage source converter 16 subsequently is required to provide.

The conventional vector control module 12 therefore provides feedback control that
modifies each of the voltage output phase waveforms 18a, 18b, 18¢ and current output
phase waveforms 20a, 20b, 20c of the voltage source converter 16 so that they match

desired, i.e. demanded, waveforms.

According to a first aspect of the invention there is provided a controller, for controlling a
multiphase voltage source converter, comprising a vector control module configured to
generate multiphase voltage demand waveforms that the voltage source converter
subsequently is required to provide, the vector control module generating the multiphase
voltage demand waveforms from respective converter voltage output phase waveforms
measured at corresponding AC outputs of the voltage source converter, the vector control
module including:
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a transformation element configured to transform the respective converter voltage
output phase waveforms into symmetrical sequence rotating reference frame terms; and

a distortion element configured to introduce harmonic distortion into the generated
multiphase demand waveforms, the distortion element including:

a time-varying conversion element configured to convert the symmetrical
sequence terms directly into respective time-varying waveforms utilising only sine
and cosine instantaneous reference terms; and

a manipulation element configured to carry out non-trigonometric
manipulation of the time-varying waveforms to introduce the said harmonic
distortion into the generated multiphase voltage demand waveforms.

The inclusion of a distortion element advantageously introduces harmonic distortion into
each of the generated multiphase voltage demand waveforms. This reduces the peak of
each voltage demand waveform and, in turn, allows the fundamental voltage waveform of
the voltage source converter, i.e. the overall voltage output of the voltage source converter
when each of the individual converter output phase waveforms are taken together, to rise
above the voltage of a DC network connected to the voltage source converter (which
ordinarily the fundamental voltage is not able to do because of the clamping effect of
various anti-parallel diodes associated with the semiconductor switches that normally form

a part of the voltage source converter).

Conduction losses within a voltage source converter are dependent on the level of AC
current which passes through the converter, and so an increase in the fundamental voltage
at which the converter is operating and the commensurate decrease in fundamental
current passing through the converter (for a given degree of power transfer) result in a

reduction in the conduction losses.

Moreover, the provision of a distortion element having respective time-varying conversion
and manipulation elements, which together introduce the desirable harmonic distortion into
the generated multiphase voltage demand waveforms without the need for any
trigonometric manipulation, means that such a reduction in conduction losses is achieved
without the need for complex, processor intensive and time-consuming control calculations
for each phase of the converter, a control burden which might otherwise disrupt the real-
time operation of the converter.

Meanwhile the instantaneous reference terms utilised by the time-varying conversion

element may be used in other aspects of controlling a multiphase voltage source converter
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and so typically are provided via separate monitoring functions. Utilising only such terms
when producing the time-varying waveforms therefore reduces the processing burden
associated with the vector control module and so permits it to generate the multiphase
voltage demand waveforms in a quick and efficient manner.

More particularly, sine and cosine such instantaneous reference terms, e.g. sin(wt) and
cos(wt), can be provided relatively easily by conventional monitoring functions such as a
Phase Locked Loop (PLL), and so avoid the need for the vector control module to calculate

complex and time-consuming alternatives.

In addition, they provide a convenient means of introducing the required time-based
component into the resulting time-varying waveforms, i.e. the instantaneous reference
power frequency wt at which the voltage source converter is operating.

The time-varying conversion element may be configured to combine the sine and cosine
instantaneous reference terms with a matrix multiplication operation to convert the
symmetrical sequence terms into the respective time-varying waveforms.

Matrix multiplication can be carried out simply and straightforwardly in real time with little
processing overhead, and so helps to maintain the efficiency with which the distorted
multiphase voltage demand waveforms are generated.

In a preferred embodiment of the invention the time-varying conversion element is
configured to convert the symmetrical sequence terms into respective time-varying
waveforms which vary with respect to time at a frequency equal to an instantaneous

reference power frequency plus an offset.

The inclusion of such an offset, e.g. ¢, ultimately permits the distorted multiphase voltage
demand waveforms to control the fundamental voltage output of the converter, i.e. each of
the respective contributing converter voltage output phase waveforms, in a manner which
additionally helps to ensure that the converter also provides a desired level of fundamental
AC current.

Moreover, incorporating the offset by way of this conversion avoids the need to determine
the offset separately by way of a trigonometric manipulation, such as a tan~! function,
which is complex and would therefore impose a considerable processing burden on the

vector control module.
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Optionally the time-varying conversion element is configured to convert the symmetrical

sequence terms into at least a group of real time-varying waveforms.

The creation of at least a group of real, i.e. direct d based, time-varying waveforms
provides the manipulation element with a minimum necessary input to allow it to introduce
a desired degree of harmonic distortion into the generated multiphase voltage demand
waveforms.

Preferably the time-varying conversion element is configured to convert at least the
positive and negative terms of the symmetrical sequence into respective real time-varying
waveforms according to the formula:

1 0 1 0 0 -1 0 -1 X7
1 V3 1 V3 V3 o1 V3 1 ¢
Xg = T2 2 72 T2 ]cos w)+| 2 2 “ 2 2 sin(w t) |- x‘;
1 V3 1 43 Vi 1 V3 1 Xa
2 772 Tz 2 "7 0z 7 2 Xq
where,

Xp is a respective real time-varying waveform;

wt is the instantaneous time-varying phase associated with the reference power
frequency w;

x% is the direct positive sequence term of the symmetrical sequence;

xf,’ is the quadrature positive sequence term of the symmetrical sequence;

xg is the direct negative sequence term of the symmetrical sequence; and

xq is the quadrature negative sequence term of the symmetrical sequence.

Generating a respective time-varying waveform simply involving the multiplication and
addition of known integers and of instantaneous reference terms which are provided by
routine monitoring of the converter output has a very low processing overhead and as such
is much quicker and more efficient than, for example, carrying out a tan™! trigonometric

manipulation.

In another preferred embodiment of the invention the time-varying conversion element is
configured to convert at least the positive and negative terms of the symmetrical sequence

into respective real time-varying waveforms of the form
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Xwaveform = V cos(wt + @)

where,

V is the magnitude of the corresponding output converter voltage output phase
waveform from which the respective symmetrical sequence terms and respective time-
varying waveform are derived;

wt is the instantaneous time-varying phase associated with the reference power
frequency w; and

¢ is the offset in converter output AC voltage required to allow the converter to

provide a correct amount of AC current.

Such a conversion of the symmetrical sequence terms desirably incorporates the offset ¢
in converter output AC voltage without the need for this to be determined separately using

a complex and processing intensive function.

In a still further preferred embodiment of the invention the time-varying conversion element
is additionally configured to convert the symmetrical sequence terms into a group of

imaginary time-varying waveforms.

The ability to additionally provide the manipulation element with a group of imaginary time-
varying waveforms reduces the number of subsequent manipulations the manipulation
element has to carry out in order to introduce a desired degree of harmonic distortion into
the generated muitiphase voltage demand waveforms, and so further increases the speed
and efficiency with which the vector control module is able to generate the said distorted

multiphase voltage demand waveforms.

The time-varying conversion element may be configured to convert at least the positive
and negative terms of the symmetrical sequence into respective imaginary time-varying

waveforms according to the formula:

0 1 0 1 1 0 1 0 xP

Vi 1 V3 1 1 V3 1 3 4
x=|"7 T2 7 TZeso+|"2 2 T2 "7 |sinws| |t
Vi 1 V3 1 1 v3 1 3 Xd

L7 "2 "7 2 2 77 T2 7 Xq

where,
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x; is a respective imaginary time-varying waveform;

wt is the instantaneous time-varying phase associated with the reference power
frequency w;

x% is the direct positive sequence term of the symmetrical sequence;

xg is the quadrature positive sequence term of the symmetrical sequence;

xg is the direct negative sequence term of the symmetrical sequence; and

xg is the quadrature negative sequence term of the symmetrical sequence.

Such conversion utilises only multiplication and addition of known integers and known
instantaneous reference terms and so carries a much lower processing burden than, e.g.

carrying out a tan™? trigonometric manipulation.

Preferably the time-varying conversion element is configured to convert at least the
positive and negative terms of the symmetrical sequence into respective imaginary time-

varying waveforms of the form
Xwaveform =V sin(wt + @)

where,

V is the magnitude of the corresponding output converter voltage output phase
waveform from which the respective symmetrical sequence terms and respective time-
varying waveform are derived;

wt is the instantaneous time-varying phase associated with the reference power
frequency w; and

@ is the offset in converter output AC voltage required to allow the converter to
provide a correct amount of AC current.

Such conversion by the time-varying conversion element desirably introduces the offset ¢
into the respective imaginary time-varying waveforms and so obviates the need to
determine this separately and thereby also avoids imposing the associated processing
burden.

Optionally the manipulation element includes a scaling module configured to combine
respective corresponding real and imaginary time-varying waveforms produced by the
time-varying conversion element and convert them into a single scalar waveform

representative of the magnitude of the corresponding converter voltage output phase
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waveform from which the respective real and imaginary time-varying waveforms are

derived.

Such scaling of the real and imaginary time-varying waveforms corresponding to a given
converter voltage output phase waveform facilitates subsequent manipulation of the real
and imaginary time-varying waveforms within the manipulation element in an efficient

manner.

In a still further embodiment of the invention the manipulation element also includes a
manipulating module which is configured to:
(i) combine a respective imaginary time-varying waveform with the

corresponding scalar waveform to generate a first output waveform of the form

Voutput waveform = sin(wt + ¢@);

(ii) further modify the first output waveform via multiplication and addition only
to generate a modified output waveform of the form

5 2 .
Ymodified waveform = g + 3 sin? (wt + ®); and

(iii) combine the modified output waveform with the corresponding respective
real time-varying waveform to generate a respective distorted voltage demand waveform

of the form

1
Viemand waveform = V [cos(wt + @) + ECOS(3 (wt + (P))]

The inclusion of such a manipulating module configured in the aforementioned manner

results in each multiphase voltage demand waveform desirably including a third harmonic
distortion, i.e. cos(3(wt + ¢)) which has a magnitude of% the magnitude V of the

corresponding converter voltage output phase waveform from which the respective

symmetrical sequence terms and respective time-varying waveform are derived.

Such a third harmonic distortion provides an optimum impact on the possible increase of
the fundamental voltage waveform of the voltage source converter above the voltage of a
DC network connected to the voltage source converter, and hence an optimum impact on

the associated reduction in conduction losses.
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Furthermore, such third harmonic distortion may be readily removed from the converter
voltage output phase waveforms (and hence also removed from the converter output
fundamental voltage waveform) by the inherent filtering effect of, e.g. a star/delta
transformer which is often included in a high voltage power transmission network to
interconnect a voltage source converter and an associated AC network.

Optionally the manipulating module is additionally configured to:
(iv) combine a respective real time-varying waveform with the corresponding
scalar waveform to generate a further output waveform of the form

Vfurther output waveform = COS(wt + @).

Such a waveform, and more particularly the characteristics of the converter that it
represents, is useful in controlling other aspects of the converter operation, e.g. balancing
the level of energy in the energy storage devices within each phase limb of the converter.

According to a second aspect of the invention there is provided a voltage source converter
including a controller as described hereinabove.

According to a third aspect of the invention there is provided a power transmission network
including a voltage source converter described hereinabove.

Each of the foregoing shares the benefits associated with the corresponding feature of the
controller.

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

Figure 1 shows a schematic view of an AC portion of a typical power transmission
network together with an associated conventional vector control module;

Figure 2 shows a schematic view of a controller according to a first embodiment of
the invention;

Figure 3(a) shows respective voltage output phase waveforms for each phase of
the converter controlled by the controller shown in Figure 2;

Figure 3(b) shows each of the voltage output phase waveforms shown in Figure

3(a) after passing through a filtering device;



10

15

20

25

30

35

WO 2015/104429 10 PCT/EP2015/050513

Figure 4 shows respective voltage profiles representing the magnitude of positive
and negative sequence variables of a set symmetrical sequence terms corresponding to
a given converter voltage output phase waveform;

Figure 5 shows a practical manner in which symmetrical sequence terms can be
converted by the controller shown in Figure 2 into respective real time-varying waveforms;

Figure 6 shows the respective real time-varying waveforms obtained by the
conversion illustrated in Figure 5;

Figure 7 shows a practical manner in which symmetrical sequence terms can be
converted by the controller shown in Figure 2 into respective imaginary time-varying
waveforms;

Figure 8 shows the respective imaginary time-varying waveforms obtained by the
conversion illustrated in Figure 7;

Figure 9 shows scalar waveforms corresponding to respective scalar factors
established by the controller shown in Figure 2;

Figure 10 shows respective first output waveforms from a manipulating module;

Figure 11 shows a respective modified output waveforms from the manipulating
module; and

Figure 12 shows respective voltage demand waveforms generated by the controller
shown in Figure 2.

A controller according to a first embodiment of the invention is illustrated schematically in
Figure 2, and is designated generally therein by reference numeral 40.

The controller 40 controls a three phase voltage source converter (not shown) and as such
includes a vector control module 42 which is configured to generate three voltage demand
waveforms v,, v, and v, (corresponding to each phase a, b, c of the converter) that the
voltage source converter subsequently is required to provide.

The vector control module 42 generates the voltage demand waveforms v,, v, and v,
from three respective, corresponding converter voltage output phase waveforms V,, V,,
and V., as shown in Figure 3(a), which are measured at corresponding AC voltage outputs
(not shown) of the voltage source converter.

In other embodiments of the invention the controller 40 may control a voltage source
converter having more than or less than three phases, such that a correspondingly
different number of voltage demand waveforms are generated from a correspondingly
different number of converter voltage output phase waveforms.
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The components of the vector control module 42 and the manner in which it generates the
said voltage demand waveforms v,, vy, and v, are described in more detail below.

The vector control module 42 includes a transformation element 44 that is configured in a
conventional manner to transform each of the three converter voltage output phase
waveforms V,, V,,, and V, into separate, corresponding sets of symmetrical sequence

rotating reference terms.

In the embodiment shown, after the converter voltage output phase waveforms V,, V,, and
V. are measured they pass through a filtering device in the form of a star/delta transformer,
although this need not always be the case. Such filtering of the converter voltage output
phase waveforms V,, V,,, and V; results in the respective waveforms a, b, ¢ shown in Figure
3(b) which each has some voltage present. This means that the subsequent transformation
of each filtered waveform a, b, ¢ into symmetrical sequence terms gives rise only to positive
p and negative n sequence variables, i.e. only +d, +q, —d, —q terms and does not give
rise to zero sequence variables. Figure 4 shows the voltage profile corresponding to the
magnitude of each positive and negative direct and quadrature term +d, +q, —d, —q for a
single converter voltage output phase waveform V,, V,,, and V..

By convention, the direct d and quadrature g axes of the rotating reference frame are
considered to rotate at a frequency w which is the instantaneous reference power
frequency at which the voltage source converter is operating.

The vector control module 42 may, optionally, receive voltage demand and current
demand values which it combines with the converter output phase waveforms V,, V,,, and
V. such that the resulting separate, corresponding sets of symmetrical sequence terms
incorporate such voltage and current demand values.

The vector control module 42 also includes a distortion element 46 that is configured to
introduce harmonic distortion into the generated voltage demand waveforms v,, v, and

.

The distortion element 46 includes a time-varying conversion element 48 which is
configured to convert each set of symmetrical sequence terms, i.e. the +d, +q, —d, —q
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terms shown as representative voltage profiles in Figure 4, directly into respective time-

varying waveforms.

More particularly the time-varying conversion element 48 includes a first module 48A which
is configured to convert the sets of symmetrical sequence terms into a group of real, i.e.
direct d, time-varying waveforms 58, 60, 62, and a second module 48B that is configured
to convert the sets of symmetrical sequence terms into a group of imaginary, i.e.

quadrature q, time-varying waveforms 68, 70, 72.

In other embodiments of the invention the time-varying conversion element 48 may include
only a first module 48A configured to convert the sets of symmetrical sequence terms into
a group of real time-varying waveforms 58, 60, 62.

The first module 48A of the time-varying conversion element 48 converts the positive p
and negative n terms of the sets of symmetrical sequence terms into respective real time-
varying waveforms 58, 60, 62 according to the formula:

1 0 1 0 0 -1 0 -1 xP
1 V3 1 43 v3 1 ¥3 1 ¢
Xe=1Il"2 2 "2  2lcos(wt)+| 2 2 “ 2 2 sin(w t) |- le
1 V3 1 V3 V3 1 V3 1 Xd

2 77 Tz 72 "7 2 2 2 *q

where,

Xg I a respective real time-varying waveform 58, 60, 62;

wt is the instantaneous time-varying phase associated with the reference power
frequency w at which the reference frame of the symmetrical sequence terms is rotating,
i.e. the reference frequency at which the converter under control is operating;

x% is the direct positive sequence term +d of the symmetrical sequence;

xg is the quadrature positive sequence term +q of the symmetrical sequence;

x] is the direct negative sequence term - d of the symmetrical sequence; and

x¢ i1s the quadrature negative sequence term —q of the symmetrical sequence.

Figure 5 illustrates schematically a practical manner in which such conversion may be
achieved, with the sine and cosine instantaneous reference terms 50, 52, i.e. sin(wt) and
cos(wt), being provided by a conventional monitoring function in the form of a Phase
Locked Loop (PLL).
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In the foregoing manner, it can be seen that the first module 48A of the time-varying
conversion element 48 utilises only instantaneous references terms, and more particularly
only sine and cosine instantaneous reference terms 50, 52, when carrying out the
conversion to respective real time-varying waveforms 58, 60, 62.

In addition, Figure 5 shows that the time-varying conversion element 48 combines the
cosine instantaneous reference term 52 with a first matrix multiplication operation 54, and
the sine instantaneous reference term 50 with a second matrix multiplication operation 56
when converting the symmetrical sequence terms into the respective real time-varying
waveforms 58, 60, 62.

Utilising the conversion formula set out above results in the first module 48A of the time-
varying conversion element 48 converting the positive p and negative n terms of the sets
of symmetrical sequences into respective real time-varying waveforms 58, 60, 62 of the

form

Xwaveform =V cos(wt + @)

where,

V is the magnitude of the corresponding converter voltage output phase waveform
V2, Vp, and V. from which the respective symmetrical sequence terms and respective time-
varying waveform are derived;

wt is the instantaneous time-varying phase associated with the reference power
frequency w; and

@ is the offset in converter output AC voltage required to allow the converter to
provide a correct amount of AC current.

In this manner the time-varying conversion element 48 is configured to combine the sine
and cosine instantaneous reference terms 50, 52 with a matrix multiplication operation 54,
56, to convert the symmetrical sequence terms into respective real time-varying
waveforms 58, 60, 62 corresponding to each of the three converter voltage output phase
waveforms V,, V,,, V., respectively (as illustrated schematically in Figure 6). Each time-
varying waveform 58, 60, 62 varies with respect to time at a frequency equal to the
instantaneous reference power frequency wt plus the offset ¢.
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The second module 48B of the time-varying conversion element 48 converts the positive
p and negative n terms of the sets of symmetrical sequence terms into respective

imaginary time-varying waveforms 68, 70, 72 according to the formula:

0 1 0 1 1 0 1 0 +P

3.1 3 1 1 V3 1 3 P
X; = 2 2 2 2lcos (wt) +] 2 2 2 2 | sin(w t)|- ‘771

V3 1 43 1 1 V3 1 43 *d

2 T2 77 "z "z 77 Tz 7 X4
where,

x; is a respective imaginary time-varying waveform 68, 70, 72;

wt is the instantaneous time-varying phase associated with the reference power
frequency w;

x7 is the direct positive sequence term +d of the symmetrical sequence;

x}; is the quadrature positive sequence term +q of the symmetrical sequence;

xg is the direct negative sequence term - d of the symmetrical sequence; and

xq s the quadrature negative sequence term —g of the symmetrical sequence.

Figure 7 illustrates schematically a practical manner in which such conversion may be
achieved, with the sine and cosine instantaneous reference terms 50, 52, i.e. sin(wt) and

cos(wt), again being provided by a conventional Phase Locked Loop (PLL) monitor.

In the foregoing manner, it can be seen that the second module 48B also utilises only
instantaneous references terms, and more particularly only sine and cosine instantaneous
reference terms 50, 52, when carrying out the conversion to respective imaginary time-
varying waveforms 68, 70, 72.

Moreover, Figure 7 additionally shows that the second module 48B combines the cosine
instantaneous reference term 52 with a third matrix multiplication operation 64, and the
sine instantaneous reference term 50 with a fourth matrix multiplication operation 66 when
converting the symmetrical sequence terms into the respective imaginary time-varying
waveforms 68, 70, 72.

Utilising the conversion formula set out above results in the second module 48B of the

time-varying conversion element 48 converting the positive p and negative n terms of the
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sets of symmetrical sequences into respective imaginary time-varying waveforms 68, 70,
72 of the form

Xwaveform = V sin(wt + @)

where,

V is the magnitude of the corresponding converter voltage output phase waveform
Va, Vi, and V. from which the respective symmetrical sequence terms and respective time-
varying waveform are derived;

wt is the instantaneous time-varying phase associated with the reference power
frequency w; and

@ is the offset in converter output AC voltage required to allow the converter to
provide a correct amount of AC current.

In this manner the second module 48B of the time-varying conversion element 48 is again
configured to combine the sine and cosine instantaneous reference terms 50, 52 with a
matrix multiplication operation 64, 66, to convert the symmetrical sequence terms into
respective imaginary time-varying waveforms 68, 70, 72 corresponding to each of the three
converter output phase waveforms V,, V,,, V., respectively (as illustrated schematically in
Figure 8). Each time-varying waveform 68, 70, 72 similarly varies with respect to time at a

frequency equal to the instantaneous reference power frequency wt plus the offset ¢.

Returning to the distortion element 46 shown in Figure 2, it also includes a manipulation
element 74 that is configured to carry out non-trigonometric manipulation of the time-
varying waveforms 58, 60, 62, 68, 70, 72 to introduce the said harmonic distortion into the

generated voltage demand waveforms v,, v, and v,.

The manipulation element 74 includes a scaling module 76 which is configured to combine
the corresponding real and imaginary time-varying waveforms 58, 60, 62, 68, 70, 72
produced by the time-varying conversion element 48 for a given phase a, b, c and convert
them into a single scalar waveform representative of the magnitude of the corresponding
converter voltage output phase waveform V,, V;,, and V. from which the respective real and
imaginary time-varying waveforms 58, 60, 62, 68, 70, 72 are derived.

More particularly the scaling module 76 establishes the magnitude of the real and

imaginary time-varying waveforms for each phase a, b, c, i.e. waveforms 58, 68 (phase a);
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waveforms 60, 70 (phase b); and waveforms 62, 72 (phase c), and inverts this value to
obtain a single scalar factor which it represents as a single scalar waveform 78, 80, 82, i.e.
a single corresponding scalar voltage profile, corresponding to each phase a, b, c (as
shown in Figure 9).

The scaling module 76 also preferably includes a limit function prior to the inverting
operation mentioned above where a minimum positive value is specified, e.g. of nominally
1% of the normal operating value, in order to ensure the scaling module 76 is always able
to carry out the said inverting operation.

The manipulation element 74 also includes a manipulating module 84 that is configured to:

(i) combine a respective imaginary time-varying waveform 68, 70, 72 with the
corresponding scalar waveform 78, 80, 82 to generate a respective first output waveform
86a, 86b, 86¢, for each phase, of the form

Voutput waveform = Sin(wt + ¢) (as shown in Figure 10);

(i) further modify the first output waveform 86 via multiplication and addition
only to generate a respective modified output waveform 88a, 88b, 88c, for each phase, of

the form
Vmodified waveform = % +§ sin?(wt + ¢) (as shown in Figure 11); and

(iii) combine the modified output waveform with the corresponding respective
real time-varying waveform 58, 60, 62 to generate a respective distorted voltage demand

waveform v,, vy, v, of the form

1
Viemand waveform = V [Cos(wt + @)+ ECOS(B((‘)t + ‘P))]

In this way the manipulating module 84 generates a distorted voltage demand waveform

Va, Vp, V., @s illustrated in Figure 12, which includes a third harmonic distortion, i.e.
cos(3(wt + ¢)), with a magnitude of i that ensures it optimises the impact on the possible

increase of the fundamental voltage waveform of the converter, and hence optimises the
associated reduction in conduction losses.

The manipulating module 84 is additionally configured to (not shown):
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(iv) combine a respective real time-varying waveform 58, 60, 62 with the
corresponding scalar waveform 78, 80, 82 to generate a further output waveform of the
form

Vfurther output waveform = COS(wt + @).

which is useful in controlling other aspects of the converter operation.
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CLAIMS:

1. A controller, for controlling a multiphase voltage source converter, comprising a
vector control module configured to generate multiphase voltage demand waveforms that
the voltage source converter subsequently is required to provide, the vector control module
generating the multiphase voltage demand waveforms from respective converter voltage
output phase waveforms measured at corresponding AC outputs of the voltage source
converter, the vector control module including:

a transformation element configured to transform the respective converter voltage
output phase waveforms into symmetrical sequence rotating reference frame terms; and

a distortion element configured to introduce harmonic distortion into the generated
multiphase demand waveforms, the distortion element including:

a time-varying conversion element configured to convert the symmetrical
sequence terms directly into respective time-varying waveforms utilising only sine
and cosine instantaneous reference terms; and

a manipulation element configured to carry out non-trigonometric
manipulation of the time-varying waveforms to introduce the said harmonic

distortion into the generated multiphase voltage demand waveforms.

2. A controller according to Claim 1 wherein the time-varying conversion element is
configured to combine the sine and cosine instantaneous reference terms with a matrix
multiplication operation to convert the symmetrical sequence terms into the respective

time-varying waveforms.

3. A controller according to Claim 2 wherein the time-varying conversion element is
configured to convert the symmetrical sequence terms into respective time-varying
waveforms which vary with respect to time at a frequency equal to an instantaneous

reference power frequency plus an offset.

4, A controller according to Claim 3 wherein the time-varying conversion element is
configured to convert the symmetrical sequence terms into at least a group of real time-

varying waveforms.

5. A controller according to Claim 4 wherein the time-varying conversion element is
configured to convert at least the positive and negative terms of the symmetrical sequence

into respective real time-varying waveforms according to the formula:
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1 0 1 0 0 -1 0 -1 27
1 3 1 3 V3 1 V3 1 x“,’,
Xp=|| 2 2 2 2 |cos (wt) +| 2 2 2 2 |sin(wt)|-[2
1 V3 1 3 V3 1 V3 1 jggl
2 2 2 2 2 2 2 2 q
where,

Xg is a respective real time-varying waveform;

wt is the instantaneous time-varying phase associated with the reference power
frequency w;

xé’ is the direct positive sequence term of the symmetrical sequence;

x(’,’ is the quadrature positive sequence term of the symmetrical sequence;

xg is the direct negative sequence term of the symmetrical sequence; and

xg is the quadrature negative sequence term of the symmetrical sequence.

6. A controller according to Claim 5 wherein the time-varying conversion element is
configured to convert at least the positive and negative terms of the symmetrical sequence

into respective real time-varying waveforms of the form

Xwaveform = V cos(wt + @)

where,

V is the magnitude of the corresponding output converter voltage output phase
waveform from which the respective symmetrical sequence terms and respective time-
varying waveform are derived;

wt is the instantaneous time-varying phase associated with the reference power
frequency w; and

@ is the offset in converter output AC voltage required to allow the converter to
provide a correct amount of AC current.

7. A converter according to any of Claims 4 to 6 wherein the time-varying conversion
element is additionally configured to convert the symmetrical sequence terms into a group

of imaginary time-varying waveforms.

8. A controller according to Claim 7 wherein the time-varying conversion element is
configured to convert at least the positive and negative terms of the symmetrical sequence

into respective imaginary time-varying waveforms according to the formula:
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0 1 0 1 1 0 1 0 1P
V3 1 V31 1 V3 1 3 5
x=|"2 T2 2 TZeso+|72 Z T2 TZ|sinwn| |
Vi 1 V3 1 1 V3 1 V3 *d
7 Tz 77 72 2 77 Tz 7 *q

where,

x; is a respective imaginary time-varying waveform:;

wt is the instantaneous time-varying phase associated with the reference power
frequency w;

x7 is the direct positive sequence term of the symmetrical sequence;

xc’l’ is the quadrature positive sequence term of the symmetrical sequence;

xg is the direct negative sequence term of the symmetrical sequence; and

xg is the quadrature negative sequence term of the symmetrical sequence.

9. A controller according to Claim 8 wherein the time-varying conversion element is
configured to convert at least the positive and negative terms of the symmetrical sequence
into respective imaginary time-varying waveforms of the form

Xwaveform = V sin(wt + @)

where,

V is the magnitude of the corresponding output converter voltage output phase
waveform from which the respective symmetrical sequence terms and respective time-
varying waveform are derived;

wt is the instantaneous time-varying phase associated with the reference power
frequency w; and

@ is the offset in converter output AC voltage required to allow the converter to

provide a correct amount of AC current.

10. A controller according to any of Claims 7 to 9 wherein the manipulation element
includes a scaling module configured to combine respective corresponding real and
imaginary time-varying waveforms produced by the time-varying conversion element and
convert them into a single scalar waveform representative of the magnitude of the
corresponding converter voltage output phase waveform from which the respective real

and imaginary time-varying waveforms are derived.
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11. A controller according to Claim 10 wherein the manipulation element also includes
a manipulating module which is configured to:
(i) combine a respective imaginary time-varying waveform with the

corresponding scalar waveform to generate a first output waveform of the form

Voutput waveform = Sin(wt + ¢);

(i) further modify the first output waveform via multiplication and addition only
to generate a modified output waveform of the form

5 2 . ,
Vmodified waveform = 5 + 3 sin?(wt + ®); and

(i) combine the modified output waveform with the corresponding respective
real time-varying waveform to generate a respective distorted voltage demand waveform
of the form

Vdemand waveform =V [Cos(wt + @)+ %COS(:‘;(‘Ut + (P))]
12. A controller according to Claim 11 wherein the manipulating module is additionally
configured to:

(iv) combine a respective real time-varying waveform with the corresponding

scalar waveform to generate a further output waveform of the form
Vrurther output waveform = €0S(wt + @).
13. A voltage source converter including a controller according to any preceding claim.

14, A power transmission network including a voltage source converter according to
Claim 13.
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