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(57) Abstract: In the field of high voltage direct current (HVDC) power
transmission networks, a method of controlling a converter that includes at
least one converter limb (12A, 12B, 12C) which corresponds to a respective
phase of the converter, with the or each converter limb (12A, 12B, 12C) ex-
tending between first and second DC terminals (14, 16) and including first
and second limb portions (12A+, 12A-, 12B+, 12B-, 12C+, 12C-) which are
separated by an AC terminal (18A, 18B, 18C), comprises the steps of: (a) ob-
taining a respective AC current demand phase waveform (L4, Is, Ic) for the or
each converter limb (12A, 12B, 12C) which the corresponding converter
limb (12A, 12B, 12C) is required to track, and a DC current demand (be)
which the or each converter limb (12A, 12B, 12C) is also required to track;
(b) determining a limb portion current (Ia+, Ia.Is-, Is., I+, Ic.) for each limb
portion (12A+, 12A-, 12B+, 12B-, 12C+, 12C-) that the limb portion (12A+,
12A-, 12B+, 12B-, 12C+, 12C-) must contribute to track the corresponding
required AC current demand phase waveform (14, Is, Ic) and the required DC
current demand (be); (c¢) providing a limb portion voltage source (V a+, Va.,
Vs+, Vi, Vei, Vi) for each limb portion (12A+, 12A-, 12B+, 12B-, 12C+,
12C-) to achieve the corresponding determined limb portion current (Las,
Is-Is+, Is., I, Ic); and (d) carrying out mathematical optimization to determ-
ine one or more optimal limb portion currents (la+, Ia- Is+, Is., Ic+) and/or
provide optimal limb portion voltage sources (Va+, Va, Vas, Vi, Ver, Vo).
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IMPROVEMENTS IN OR RELATING TO
THE CONTROL OF CONVERTERS

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 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 between DC power and 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.

According to a first aspect of the invention there is provided a method of controlling a
converter including at least one converter limb corresponding to a respective phase of the
converter, the or each converter limb extending between first and second DC terminals
and including first and second limb portions separated by an AC terminal, the method
comprising the steps of:

(a) obtaining a respective AC current demand phase waveform for the or each
converter limb which the corresponding converter limb is required to track, and a DC
current demand which the or each converter limb is also required to track;

(b) determining a limb portion current for each limb portion that the limb portion
must contribute to track the corresponding required AC current demand phase waveform
and the required DC current demand;

(c) providing a limb portion voltage source for each limb portion to achieve the
corresponding determined limb portion current; and

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

limb portion currents and/or provide optimal limb portion voltage sources.

Carrying out one or other of the aforementioned mathematical optimization steps, i.e.
selecting the best individual limb portion current and/or the best individual limb portion

voltage source (with regard to chosen criteria) from a set of available alternatives, allows
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the AC and DC current demands to be controlled independently of one another, e.g. by a
higher level controller.

It also permits variations in the performance of each limb portion to be accommodated
while operation of the converter as a whole continues.

For example, in the case of limb portion currents, conventional methods of controlling a
converter consider the limb portions to have equal performance characteristics to one
another, with the result that the limb portions are always controlled to each provide the
same, equal current contribution, irrespective of any changes in the operating performance

of a given limb portion.

Meanwhile, in relation to limb portion voltage sources, the method of the invention permits
a given limb portion to provide a reduced limb portion voltage source, e.g. if the limb portion
suffers damage that degrades its voltage supply performance, while the converter

continues to operate.

Preferably carrying out mathematical optimization includes creating an equivalent
converter configuration which represents a corresponding one of the flow of current

through the converter and/or voltage conditions in the converter.

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 limb portion current and/or

provide optimal limb portion voltage sources.

In a preferred embodiment of the invention creating an equivalent converter configuration
which represents the flow of current through the converter includes mapping possible
current flow paths through the converter, and creating an equivalent converter
configuration which represents voltage conditions in the converter includes mapping the

limb portion voltage source and an inductive component for each limb portion.

Each of mapping the possible current flow paths through the converter and/or mapping the
limb portion voltage source and an inductive component for each limb portion helps to

tailor the method of control to a given converter topology, i.e. a given converter structure.
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Optionally the converter includes a plurality of converter limbs and carrying out
mathematical optimization includes a corresponding one of applying a current weighting
to the relative current contribution provided by a plurality of limb portions and/or applying
a voltage weighting to the relative voltage contribution provided by each limb portion

voltage source.

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

whole.

Another preferred embodiment of the method includes determining the or each 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 limb portion currents that are determined and/or the optimal limb
portion voltage sources that are provided 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 one limb portion running hot, or a

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

Preferably when controlling the converter under a particular operating condition applying
a weighting includes applying a different weighting to at least one limb portion such that
the or each said limb portion provides a different contribution to the other limb portions.

Such a step allows the method to distinguish between one limb portion and another, e.g.

according to how well a given limb portion is performing.

This is useful in circumstances where it becomes desirable to reduce the level of current
contributed by a given limb portion, e.g. because the cooling associated with the limb
portion is operating at a reduced capacity, and temporarily increase the level of current
provided by one or more other limb portions so as to allow the converter to continue to

operate and provide a high level of power conversion.

It can also be used to reduce the limb portion voltage that a given limb portion must provide,

e.g. in circumstances where a fault or other damage has degraded the performance of the
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given limb portion, such that the converter remains able to continue operating and provide
a high level of power conversion.

In a still further preferred embodiment of the invention carrying out mathematical
optimization to provide an optimal limb portion voltage source for each limb portion
includes reducing any deviation in an actual measured limb portion current of a given limb
portion from the corresponding determined limb portion current for the said given limb

portion.

Reducing any deviation in an actual measured limb portion current of a given limb portion
from the corresponding determined Ilimb portion current for the said given limb portion
advantageously introduces feedback into the control of the converter which helps to ensure

that the converter continues to operate in an optimised manner.

Optionally the step of reducing any deviation in an actual measured limb portion current
from the corresponding determined limb portion current includes calculating an inductive

voltage portion for the corresponding limb portion.

Calculating an inductive voltage portion for the corresponding limb portion reduces the
number of unknown voltage conditions in the converter and so assists in carrying out

mathematical optimization to provide optimal limb portion voltage sources.

The method of the invention may further include modifying the calculated inductive voltage
portion to drive the actual measured limb portion current to follow the corresponding

determined limb portion current.

Such a step provides a convenient means of causing the actual measured limb portion
current to desirably track the corresponding determined limb portion current, and so helps

to maintain optimum performance of the converter.

Preferably the method of the invention includes carrying out mathematical optimization to
determine one or more minimum individual limb portion currents that the corresponding
limb portion must contribute to track the corresponding required AC current demand phase
waveform and the required DC current demand, and/or provide minimum individual limb
portion voltage sources to achieve the corresponding determined limb portion current.
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Determining one or more minimum individual limb portion currents reduces the conduction
and switching losses in each limb portion because ordinarily such losses are proportional

to current squared, i.e. 2.

In the meantime, determining a minimum individual limb portion voltage source for each
limb portion helps to reduce the degree of disruption caused to the converter and so further

assists in maintaining its optimised operation.

In a preferred method of controlling a converter including carrying out mathematical
optimization only to determine one or more optimal limb portion currents, providing a limb
portion voltage source for each limb portion to achieve the corresponding determined limb
portion current may include applying a control algorithm to directly establish optimal limb

portion voltage sources from each of the corresponding determined limb portion currents.

Such direct establishment of the optimal limb portion voltage sources reduces the
computational effort and overhead associated with controlling the converter, and also
helps to improve the robustness of the method of the invention with respect to controller

uncertainties and modelling errors.

According to a second aspect of the invention there is provided a converter comprising at
least one converter limb corresponding to a respective phase of the converter, the or each
converter limb extending between first and second DC terminals and including first and
second limb portions separated by an AC terminal, the converter further comprising a
controller configured to:

(a) obtain a respective AC current demand phase waveform for the or each
converter limb which the corresponding converter limb is required to track, and a DC
current demand which the or each converter limb is also required to track;

(b) determine a limb portion current for each limb portion that the limb portion
must contribute to track the corresponding required AC current demand phase waveform
and the required DC current demand;

(c) provide a limb portion voltage source for each limb portion to achieve the
corresponding determined limb portion current; and

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

portion currents and/or provide optimal limb portion voltage sources.

The converter of the invention shares the advantages associated with the corresponding

features of the method of controlling a converter according to the invention.
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There now follows a brief description of preferred embodiments of the invention, by way of

non-limiting example, with reference being made to the following figures in which:

Figure 1(a) shows a flow diagram which illustrates principle steps in a first method
according to the invention of controlling a converter;

Figure 1(b) shows a flow diagram which illustrates principle steps in a second
method according to the invention of controlling a converter;

Figure 2 shows a schematic representation of an equivalent converter
configuration;

Figure 3(a) illustrates the result of applying a different current weighting to the
current contribution provided by two limb portions within a converter during control of the
converter;

Figure 3(b) illustrates how the converter is controlled to maintain desired AC
current demand phase waveforms while the limb portion currents differ from one another
in the manner shown in Figure 3(a);

Figure 3(c) illustrates how the converter is controlled to maintain a desired DC
current demand value while the limb portion currents differ from one another in the manner
shown in Figure 3(a); and

Figure 4 shows a schematic view of a feedback loop which forms part of the method
illustrated in Figure 1(b).

Principle steps in a method according to a first embodiment of the invention of controlling

a converter are illustrated in a first flow diagram 30 shown in Figure 1(a).

The first method of the invention is applicable to any converter topology, i.e. a converter
having any particular structure. By way of example, however, it is described in connection
with a three-phase converter which has three converter limbs, each of which corresponds
to one of the three phases. Each converter limb extends between first and second DC
terminals and includes first and second limb portions which are separated by an AC

terminal.

The first method comprises a first step of obtaining a respective AC current demand phase
waveform la, Is, Ic for each converter limb which each converter limb is required to track,

and obtaining a DC current demand Ipc which the converter limbs are also required to track.
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The various AC current demand phase waveforms I, Ig, Ic and the DC current demand Ipc
may be obtained directly from a higher-level controller within the particular converter
structure or from some other external entity. Alternatively the particular converter structure

may obftain it directly by carrying out its own calculations.

The first method also includes a second step (as indicated by a first process box 20 in the
first flow diagram 30) of determining a limb portion current for each limb portion that the
limb portion must contribute to track the corresponding required AC current demand phase
waveform la, Is, Ic and the required DC current demand Ipc.

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

optimization to determine a number of optimal limb portion currents.

Carrying out such mathematical optimization includes creating an equivalent converter
configuration 10 which represents the flow of current through the corresponding three
phase converter structure, as shown in Figure 2.

The equivalent converter configuration 10 includes three converter limbs 12A, 12B, 12C,
each of which corresponds to a respective first, second and third phase of the
corresponding three phase converter structure which the method is intended to control. In
other embodiments of the invention the converter structure being controlled may have
fewer than or more than three phases and hence a different commensurate number of
corresponding converter limbs. In these circumstances the equivalent converter

configuration likewise has a different corresponding number of converter limbs.

In the equivalent converter configuration 10 shown each converter limb 12A, 12B, 12C
extends between first and second DC terminals 14, 16, and each converter limb 12A, 12B,
12C includes a first limb portion 12A+, 12B+, 12C+ and a second limb portion 12A-, 12B-,
12C-. Each pair of first and second limb portions 12A+, 12A-, 12B+, 12B-, 12C+, 12C- in
each converter limb 12A, 12B, 12C is separated by a corresponding AC terminal 18A, 18B,
18C.

The equivalent converter configuration 10 also represents the respective AC current
demand phase waveforms la, s, Ic that each converter limb 12A, 12B, 12C is required to
track, e.g. match as closely as possible, and the DC current demand Ipc that the converter
limbs 12A, 12B, 12C are also required to track.
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In practice each converter limb 12A, 12B, 12C must also operate within the constraints of
a corresponding AC voltage phase waveform Va, Vs, Vcas well as a DC voltage Vpcwhich,
typically, correspond to values in respective AC and DC electrical networks to which the
particular converter structure is connected, and so the equivalent converter configuration

10 also represents these elements.

By altering the value attributed to each of the various circuit elements mentioned above it
is possible to have the equivalent converter configuration 10 reflect any particular
converter structure, and thereby have the first method of the invention control the said
particular converter structure. It will also be understood that the equivalent converter
configuration may have fewer than or more than three phases, and thus likewise it will be
understood that the first method of the invention is able also to control particular non three-

phase converter structures.

Creating an equivalent converter configuration 10 which represents the flow of current
through the corresponding three phase converter structure additionally includes mapping

possible current flow paths through the particular converter structure.

One way in which the possible current flow paths through the particular converter structure
may be mapped is by conducting a Kirchhoff analysis of the equivalent converter

configuration 10 to obtain the following equations:

o= Iy — o
Ip = Ip, — I5_
Ip= Ipy — Io_
Ipc = Igy + Ipy + Iy

and then expressing these equations in a matrix form, i.e.:

o,
A Lyt b
1 -1 0 0 0 0 Iy- Iy
0 0 1 -1 00 Igy | _ | Is
00 00 1 -1 |Is I
10 10 1 0 Iy Inc
Ic_

such that 4 is a matrix which maps the possible current flow paths provided by the limb
portions 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.
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Depending on the particular converter structure of whichever converter the method of the
invention is controlling, the A matrix may take a different form. It may also additionally
include details of the state, e.g. “on” = 1, or “off’ = 0, of any switches within the converter
which might impact on the available current flow paths at any particular moment depending
on their switching state.

In addition, other equivalent converter configurations and corresponding analysis

techniques are also possible.

Depending on the particular structure of the converter the first method of the invention is
controlling, one or more of the limb portion currents to be mathematically optimized may
be dependent on the remaining limb portion currents. In other words, while each of the
remaining limb portion currents may be determined independently of one another, the or
each dependent limb portion current will be established automatically according to each of
the remaining independent limb portion currents.

In the example three phase converter in relation to which the first method is described, five
of the six limb portion currents may be determined independently and hence can be
mathematically optimized, while the sixth limb portion current will follow automatically from
the other five mathematically optimized limb portion currents. As a result, in the example
first method described mathematical optimization is carried out to determine five optimal

limb portion currents.

For example, in the equivalent converter configuration 10 shown in Figure 2, further
Kirchhoff analysis can be used to obtain the following equation:

Ie- = (g4 + I+ +1cy) = (- +1p-)

Accordingly, lc. is defined as the dependent limb portion current since it becomes known,
i.e. can be calculated automatically, once each of the remaining independent optimal limb
portion currents la+, la. Ig+ Ig., Ic+ has been determined using the aforesaid mathematical

optimization.

It will be appreciated that depending on the Kirchhoff analysis carried out one or other of
the limb portion currents la+, la- Is+, Is. Ic+ may instead be defined as a dependent limb

portion current. Moreover, still further equivalent converter configurations (not shown) may
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represent a particular converter structure which results in two or more of the limb portion

currents being dependent on the other remaining limb portion currents.

As a result of the foregoing analysis, in the example embodiment described five
independent optimal limb portion currents las, la., Is+, Is., lc+ are determined by carrying out
mathematical optimization while a sixth dependent limb portion current lc. follows
automatically, e.g. by equivalent circuit analysis and related calculation, once each of the
independent optimal limb portion currents las, la., s+ s Ic+ has been determined by carrying

out the said mathematical optimization.

In any event, the aforementioned mathematical optimization step also includes applying a
current weighting to the relative current contribution provided by each limb portion 12A+,
12A-, 12B+, 12B-, 12C+, 12C-. The respective current weighting for each limb portion
12A+, 12A-, 12B+, 12B-, 12C+, 12C- is determined according to measured operating
parameters of the particular converter structure being controlled. The various current
weightings can be determined throughout operation of the said converter so as to permit
an updating of the current weightings, e.g. in response to changing environmental
conditions. As a result the various current weightings can vary as the converter is
controlled.

For example, during normal operation of the said particular converter structure an identical
current weighting is applied to each limb portion current la+, la., Is+ Is- lc+, lc.. However, when
controlling the particular converter structure under certain operating conditions, e.g. an
abnormal operating condition, a different current weighting is applied to the current
contribution, i.e. the limb portion current las, la., Is+, Is-, Ic+ Ic, provided by at least one limb
portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

Figure 3(a) illustrates a given operating period of the particular converter structure within
which, i.e. between 0.03 and 0.06 seconds, a larger current weighting is applied to the
optimal limb portion current Ig., Is. that each limb portion 12B+, 12B- of the second
converter limb 12B must contribute. Such current weightings reduce an actual limb portion
current, i.e. a measured limb portion current I's+, I's., that each said limb portion 12B+, 12B-
contributes relative to an actual current contribution, i.e. a measured limb portion current
contribution I'a+, I'a. I'c+, I'c., of each of the other limb portions 12A+, 12A-, 12C+, 12C,

which are all the same as one another.

10
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In addition to the foregoing the first method includes carrying out mathematical
optimization to determine a minimum individual limb poftion current las, la- I+, ls-, Ic+ that
each of the independent limb portions 12A+, 12A-, 12B+, 12B-, 12C+ must contribute so
as to track the corresponding required AC current demand phase waveform la, Is, Ic and

the required DC current demand Ipc.

One way in which minimum individual limb portion currents las, la. I+ Is. lc+, i.€. x in the
A.x = b equation set out above, may be determined (noting that the sixth dependent limb
portion current lc. will follow automatically once mathematical optimization has been
carried out to determine the independent minimum limb portion currents la:, la-, Is+ Is-, lc+),
and the aforementioned individual current weightings applied to the minimal individual limb

portion currents las, la. s+ Is-, lc+, is by solving a nonlinear optimization of the general form:

ty
min Jeurrene = P(x(t)) + | fx(2),0)dt
to

subject to the equality constrained equation of the form:
Ax=0b

where

Jcurrent 18 the current objective function to be minimized;

¥ is the current weighting at time ti;

f is the current cost function which in the embodiment described includes a current
weighting matrix Q;;

x is the transpose of [las, la. Is+, Is-, I+, Ic], i.e. [las, la- I+ Ig. lc+, Ic] reflected in a
column vector;

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

t; is the time at which a particular period of control of the particular converter

structure ends.

The current weighting matrix @, is determined according to measured operating
parameters of the converter, and may be so determined throughout the operation of the
particular converter structure, such that it can vary as the said converter is controlled in

response to changes in the operation of the converter.

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 current objective

11
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function Jeyrrens- 1t 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).

One example of such an inequality constraint is:

i
[A~ Iﬁax
C I+ | o Ig™
Ig- | = | Imax
lev | | s
Ic.. jmax

where

C is a matrix which maps possible maximum current flow paths provided by the
limb portions 12A+, 12A-, 12B+, 12B-, 12C+, 12C-; and

d is a vector representing of the maximum desired current in each limb portion
12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

In either case the minimum individual limb portion currents la+, Ia., Ig+ Is-, Ic+, Ic-may also be

determined by solving a nonlinear optimization of the form max {—/cyrrent}-
X

Meanwhile, the first method of the invention includes a third step of providing a limb portion
voltage source for each limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C- to achieve the
corresponding mathematically optimized minimum limb portion current las, la, s+, Is- Ic+ and

the associated dependent limb portion currentic..

More particularly, the first method of the invention includes carrying out mathematical
optimization to provide optimal limb portion voltage sources. In other embodiments of the
method of the invention, however, such mathematical optimization of the limb portion
voltage sources need not take place. Furthermore, in still further embodiments of the
method of the invention, the following step of carrying out mathematical optimization to

provide optimal limb portion voltage sources may take place without first carrying out

12
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mathematical optimisation to determine one or more optimal limb portion currents, i.e. it

may take place based only on conventionally determined limb portion currents.

In any event carrying out mathematical optimization to provide optimal limb portion voltage
sources includes creating an equivalent converter configuration which represents voltage
conditions in the converter, i.e. includes creating the equivalent three-phase converter

configuration 10 shown in Figure 2.

Representing the voltage conditions in the particular three-phase converter structure
portrayed in the equivalent converter configuration 10 additionally includes mapping a limb
portion voltage source Va«+, Va., Vs+, Vi Vc+, Ve.and an inductive component for each limb
portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

Each limb portion voltage source Va+, Va., Ves, V., Vc+, Ve may be fixed in magnitude and
switchable into and out of the corresponding limb portion 12A+, 12A-, 12B+, 12B-, 12C+,
12C- or, as is the case in the particular converter structure depicted in the equivalent
converter configuration 10 shown in Figure 2, may be variable in magnitude between zero
(i.e. equivalent to being switched out of the corresponding limb portion 12A+, 12A-, 12B+,
12B-, 12C+, 12C-) and an upper voltage limit.

Meanwhile the inductive component for each limb portion 12A+, 12A-, 12B+, 12B-, 12C+,
12C- represents the inductance associated with the corresponding limb portion 12A+, 12A-,
12B+, 12B-, 12C+, 12C-. Such inductance may take the form of an inductor within a given
limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-, i.e. a limb portion inductance, or the
form of a stray inductance electrically associated with a given limb portion 12A+, 12A-,
12B+, 12B-, 12C+, 12C-~, e.g. a phase inductance and/or a DC line inductance.

In connection with the first method of the invention, the inductive component of each limb
portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C- is represented in the equivalent converter
configuration 10 as a inductive voltage portion Ua+, Ua. U+, Us. Uc+, Uc-that is made up of
the voltage arising from the flow of current through the aforementioned inductance
associated with a corresponding limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

In this way it is again possible to have the equivalent converter configuration 10 reflect a

particular converter structure by altering the value attributed to each of the various limb

portion voltage source and inductive voltage portion elements.

13



10

15

20

25

WO 2015/086844 PCT/EP2014/077647

In other embodiments of the invention representing of the voltage conditions in the
particular three-phase converter structure may additionally include mapping a resistive
component for each limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

Such a resistive component represents the resistance associated with a given limb portion
12A+, 12A-, 12B+, 12B-, 12C+, 12C-, and similarly may take the form of a resistor within
a given limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-, i.e. a limb portion resistance, or
the form of a resistance electrically associated with a given limb portion 12A+, 12A-, 12B+,

12B-, 12C+, 12C-, e.g. a phase resistance and/or a DC line resistance.

Mapping the limb portion voltage sources Va+, Va. VB, Vs. Vc+, Ve. and inductive voltage
portions Ua+, Ua. U+, Ug., Uc+, Uc.again similarly includes conducting a Kirchhoff analysis
of the equivalent converter configuration 10, although other equivalent converter
configurations and corresponding analysis techniques are also possible. In applying the

Kirchhoff analysis the following equation, in matrix form, is obtained:

Up+
o\
VA+ U
V B+ O
A_
Vs Us-| |0
MV * 1% - MU UC+ =10
B~ U 0
C_
Ves
- Vag
Ves
where:
1 1 -1 -1 0 0
0 0 1 1 -1 -1
My=|l0 0 0 0 1 1
1 0 -1 0 0 O
0 0 1 0 -1 0

i.e. My is a matrix which maps the position of the limb portion voltage sources Va+, Va., Vis.

Vs., Vc+, Ve- within the particular converter structure;

1 -1 -1 1 0 0 0 00
0 0 1 -1 -1 1 0 00
My={0 0 0 0 1 -1 -1 0 0
1 0 -1 0 0 0 0 1 O
0 0 1 0 -1 0 0 0 -1
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i.e. My is a matrix which maps the position of the inductive voltage portions Uas, Ua-, Uss,
Ug., Uc+, Uc. within the particular converter structure;

Vpc is the DC voltage, i.e. the voltage difference between the first and second DC
terminals 14, 16;

V45 is the voltage difference between the first and second converter limbs 12A,
12B; and

Vg is the voltage difference between the third and second converter limbs 12C,
12B.

Depending on the particular converter structure of whichever converter the method of the
invention is controlling, one or more of the M, and/or M; matrices may take a different

form.

In the first method of the invention, carrying out mathematical optimization to provide an
optimal limb portion voltage source Va«, Va. Vis, Ve, Ve, Ve. for each limb portion 12A+,
12A-, 12B+, 12B-, 12C+, 12C- includes reducing any deviation in an actual measured limb
portion current I'a+, I'a- I's+, I's-, I'c+ of a given independent limb portion 12A+, 12A-, 12B+,
12B-, 12C+ from the corresponding determined optimal limb portion current la+, la. lg+, le.,
lc+- for the said given limb portion 12A+, 12A-, 12B+, 12B-, 12C+.

The first method of controlling the particular three-phase converter structure further
includes calculating the inductive voltage portion Ua+, Ua., Us+, U, Uc+, Uc. for each limb
portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-. This calculation is based on the
corresponding determined optimal limb portion currents la+, la. ls+, Is. lIc+ and dependent
limb portion current Ic., together with the inductance associated with the corresponding
limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

Thereafter the calculated inductive voltage portion Uas, Ua., Us+, Ug., Uc+, Uc. is modified to
drive the actual measured limb portion current I'as, Va. I's+ I's. I'c+ to follow the

corresponding determined optimal limb portion current las+, la. I+ Is-, lc+.

Such measuring and modification takes the form of a feedback loop which provides closed-
loop control, as illustrated schematically by a second box 22 in the first flow diagram 30.
The feedback loop may additionally include a feed-forward element which seeks to predict
desirable future values for one or more of the inductive voitage portions Ua+, Ua., Ug+, Ug.,

Uc+, Uc.in order to improve the performance of the closed-loop control.
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The calculated inductive voltage portion Ua+, Ua-, Ug+, Ug., Uc+ Uc.of each limb portion 12A+,
12A-, 12B+, 12B-, 12C+, 12C- is utilised, as indicated by a third process box 24 in the first
flow diagram 30, when carrying out the aforementioned mathematical optimization to

provide the optimal limb portion voltage sources Va+, Va. Vgs+, VB Vc+, Ve..

Such mathematical optimization also includes applying a voltage weighting to the relative
voltage contribution provided by each limb portion voltage source Va+, Va., Ve« Vs, Ves, Ve..
The voltage weightings are determined according to measured operating parameters of
the particular converter structure being controlled, and may be so determined throughout
operation of the said converter. Such potentially repeated determination of the voltage
weightings permits the ongoing optimization of the converter operation during, e.g.

changing environmental conditions.

For example, during normal operation of the said particular converter structure an identical
voltage weighting is applied to the limb portion voltage source Vas, Va. Vs+, Vi. Vc+, Ve. of
each limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

However during, e.g. abnormal operating conditions, a different voltage weighting can be
applied to the limb portion voltage source Va+, Va. Ve, Ve., Vc+, Vc. of one or more limb
portions 12A+, 12A-, 12B+, 12B-, 12C+, 12C- to further alleviate the impact of, e.g. the

abnormal operating conditions.

More particularly, in the first method of the invention, carrying out mathematical
optimisation to provide an optimal limb portion voltage source Vas+, Va. Vs« Vb. Ve, Ve. for
each limb portion 12A+, 12A~, 12B+, 12B-, 12C+, 12C- includes determining a minimum
individual limb portion voltage source Va+, Va. Vs, Ve., Ve, Ve. for each limb portion 12A+,
12A-, 12B+, 12B-, 12C+, 12C- that is required to achieve the corresponding minimum limb

portion current la+, la- Is+ Ig- Ic+, lc. previously determined.

One way in which minimum individual limb portion voltage sources Va+, Va., Vs« Ve., Ve,
Ve (i.e. the minimum level of voltage a variable voltage source within a given limb portion
12A+, 12A-, 12B+, 12B-, 12C+, 12C- must provide) may be determined, and the
aforementioned individual voltage weightings applied thereto, is by solving for x (where x

is the transpose of [Va+, Va, VB+, Ve, Vc+, Vc]) @ nonlinear optimization of the general form:
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ty
mxin]Voltage = ‘,U(x(tl)) + fx(®), t)de
Lo

subject to an equality constrained equation M,..x = b, where b is known, of the form:

rrme——————
x UA+\
s —— UA—
VA+ U
VA— UB+
V, B-
MV VB+ = MU Uc+
5~ Ue_
Vet
v VDC
€ Vap
VCB

and where

Jvoitage iS the voltage objective function to be minimized;

¥ is the voltage weighting at time t;

f is the voltage cost function which in the first method of the invention includes a
voltage weighting matrix Qy;

tp is the time at which a particular period of control of the particular converter
structure starts; and

t; is the time at which a particular period of control of the particular converter

structure ends.

The voltage weighting matrix Qy is similarly determined according to measured operating
parameters of the converter, and may be so determined throughout the operation of the

particular converter structure. As such it too can vary as the said converter is controlled.

Solving the nonlinear optimization mentioned above may also be made subject to an

inequality equation of the form:

where

C is a matrix which maps the position of possible maximum limb portion voltage
sources in the limb portions 12A+, 12A-, 12B+, 12B-, 12C+, 12C-; and

d is a vector representing of the maximum desired voltage in each limb portion
12A+, 12A-, 12B+, 12B-, 12C+, 12C-
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As shown in Figures 3(b) and 3(c), the aforementioned first method of controlling a
particular converter structure allows, for example, continued tracking of the desired AC
current demand phase waveforms I Ig, Ic and the desired DC current demand level loc by
the converter limbs 12A, 12B, 12C, as required, throughout the period in which the actual
measured limb portion currents I's+, I's-contributed by the second converter limb 12B differ
from the actual measured limb portion currents I'a+, I'a, I'c+, I'c. contributed by the first and

second converter limbs 12A, 12C.

Principle steps in a method according to a second embodiment of the invention of

controlling a converter are illustrated in a second flow diagram 40 shown in Figure 1(b).

The second method of the invention is similar to the first method of the invention and
likewise is applicable to any converter topology, i.e. a converter having any particular
structure. By way of example, the second method of the invention is again described in
terms of its control of the particular three-phase converter structure depicted in the

equivalent converter configuration 10 shown in Figure 2.

The second method comprises a first step which is identical to that of the first method, i.e.
obtaining a respective AC current demand phase waveform la, Is, Ic for each converter limb
12A, 12B, 12C which the corresponding converter limb 12A, 12B, 12C is required to track,
and obtaining a DC current demand Ipc which the converter limbs 12A, 12B, 12C are aiso

required to track.

The second method also includes an identical second step to the first method, as similarly
indicated by a first process box 20 in the second flow diagram 40. As such the second step
of the second method of the invention again includes carrying out mathematical
optimization to determine five independent minimum limb portion currents la«, Ia., ls+, Is-, lc+
that each corresponding limb portion 12A+, 12A-, 12B+, 12B-, 12C+ must contribute to
track the corresponding required AC current demand phase waveform la, Is, Ic and the

required DC current demand Ipc.

In the second method such mathematical optimization is carried out in exactly the same

manner as in relation to the first method, i.e. as described hereinabove.

The second method of the invention also includes a third step of providing a limb portion
voltage source Vas+, Va. Ves, Vi, Ve, Ve for each limb portion 12A+, 12A-, 12B+, 12B-, 12C+,
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12C- to achieve the corresponding minimum limb portion current las, la- Is+ Is-, Ic+ previously

determined.

More particularly the second method of the invention includes a third step of applying a
control algorithm to directly establish optimal limb portion voltage sources Va+, Va-, Ve« Vs,
Ve+, Ve from each of the corresponding determined minimum limb portion current la«, la.,

Ig+, Is- Ic+, as shown by a single fourth box 26 in the second flow diagram 40.

Applying such a control algorithm includes reducing any deviation in the actual measured
limb portion current I'as, I'a-, I's+, I's-, I'c+ of a given independent limb portion 12A+, 12A-,
12B+, 12B-, 12C+ from the corresponding determined minimum limb portion current la.,
la-, Ig+, Ig-, Ic+ for the said given limb portion 12A+, 12A-, 12B+, 12B-, 12C+.

One way in which the deviation in the actual measured limb portion current I'as, I'a, s+, I's.,
'e+ of a given independent limb portion 12A+, 12A-, 12B+, 12B-, 12C+ from the
corresponding determined minimum limb portion current la+, la- Is+, Is- Ic+ may be reduced,
and preferably eliminated, is by establishing a feedback loop 50 as shown schematically
in Figure 4.

In the embodiment shown the feedback loop 50 compares a respective actual measured
limb portion current V'a+, V'a, I's+, I's., I'c+ with the corresponding determined minimum limb
portion current la+, la. Is+, Ig-, Ic+ and calculates a corresponding limb portion error ea+, €a.,
eg+, €g-, €c+. The feedback loop 50 then applies a correction factor K to each limb portion
error e, €a. €p+, €p-, €c+ to thereby establish directly the corresponding limb portion voltage
source Vas+, Va, Ve+, Ve., Vc+, Ve which is required to drive the error eas, ea. €p+, €s., €c+

towards zero.

The correction factor K may take the form of a control system matrix, such as a gain matrix
(not shown), which sets out individual correction factors that each limb portion error eas,
ea., ep+, es- €c+ IS, e.g. multiplied by in the case of a gain matrix, to establish the

corresponding limb portion voltage source Va+, Va., Va+, Ve., Ve+, Ve..

One way in which such individual correction factors may be established is by creating an
equivalent converter configuration that represents the voltage conditions in the particular
three-phase converter structure under control and thereafter considering the dynamics of

such an equivalent converter configuration.
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More particularly, in relation to the embodiment described hereinabove, the foregoing

steps may be achieved by creating the equivalent converter configuration 10 shown in

Figure 2 and mapping a limb portion voltage source Va+, Va. Ve:, Ve, Vc+, Ve and an
5 inductive component for each limb portion 12A+, 12A-, 12B+, 12B-, 12C+, 12C-.

Thereafter such mapping may include conducting a Kirchhoff analysis of the equivalent

converter configuration 10 (although other equivalent converter configurations and

corresponding analysis techniques are also possible) that applies Kirchhoff's current and
10 voltage laws to describe the dynamics of the equivalent converter configuration 10 as:

—Md1+N§
V=N

where:
15 v is the transpose of [Va+, Va., VB+, V. Vcs, Ve.;
M is a coupled-inductance matrix which maps the inductive component of each
limb portion, and more particularly maps each of the individual limb portion, phase and DC
line inductances associated with each limb portion; e.g.

6 -2 1 0
-1 5 1 0
1 0 6 -2
1 0 -1 5
-1 2 -1 2
6 -5 6 =5

20 M=1073

B e

I is the transpose of [I'a+, I'a, I's+, I's-, I'c4], i.€. the transpose of a currents vector
representing the actual measured independent limb portion currents I'a+, I'a-, I's«, I's-, I'c+;
N is an input voltage matrix which maps the position of various input voltages
25  within the particular converter structure, e.g.

3 -4 2

3 4 -2

1|3 2 2
N—g 3 22 o ;and

3 2 -4

3 -2 4

¢ is an input voltages vector representing external disturbances, e.g.
30
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Ve
§= [VAB]
VCB
where
Vpc is the DC voltage, i.e. the voltage difference between the first and second DC
terminals 14, 16;
Vg is the voltage difference between the first and second converter limbs 12A,
12B; and
V¢p is the voltage difference between the third and second converter limbs 12C,
12B.

Depending on the particular converter structure of whichever converter the method of the
invention is controlling, and depending on which limb portion is/are chosen as being
dependent on the other limb portions, one or more of the M and N matrices may similarly
take different forms.

In this way, conducting the aforesaid Kirchhoff analysis makes it possible to take into
account all of the factors mentioned above relating to a particular converter structure, i.e.
M,I,N,¢, when considering what impact a change in one or more individual limb portion
voltage sources Vas, Va. Vs+, Ve, Vc+, Ve will have, e.g. on the actual measured limb portion
current I'a+, I'a, I's+, I's, I'c+ produced by the particular converter structure. This ability
renders the second method of the invention robust against controller uncertainties and

modelling errors.

Moreover, as a result it is possible thereafter to establish each of the individual correction
factors by considering what change needs to be made to a given individual limb portion
voltage source Vas+, Va. Ves+, Vs., Vc+, Ve to desirably alter the comresponding limb portion
current provided by the particular converter structure under control, i.e. the corresponding
actual measured limb portion current I'a+, I'a., I's+, I's., I'c+, in order to drive the actual
measured limb portion current I'a+, I'a-, I's+, I's-, I'c+ towards the determined minimum limb
portion current la+, la., Is+, Is., Ic+, i.e. in order to reduce the corresponding limb portion error

€a+, €a., €+, €R., 8¢+ towards zero.

Once such individual correction factors have been established for a particular converter
structure, e.g. at a converter design and commissioning stage, there is not normaily a need
to determine them again. As a result the feedback loop 50 involves minimal computational
effort since in each cycle it is simply required to multiply a given limb portion error ea, ea.,
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e+, €s-, €c+ by the corresponding individual correction factor which has already been
determined.
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CLAIMS:

1. A method of controlling a converter including at least one converter limb
corresponding to a respective phase of the converter, the or each converter limb extending
between first and second DC terminals and including first and second limb portions
separated by an AC terminal, the method comprising the steps of:

(a) obtaining a respective AC current demand phase waveform for the or each
converter limb which the corresponding converter limb is required to track, and a DC
current demand which the or each converter limb is also required to track;

(b) determining a limb portion current for each limb portion that the limb portion
must contribute to track the corresponding required AC current demand phase waveform
and the required DC current demand;

(c) providing a limb portion voltage source for each limb portion to achieve the
corresponding determined limb portion current; and

(d) carrying out mathematical optimization to determine one or more optimal
limb portion currents and/or provide optimal limb portion voltage sources.

2. A method of controlling a converter according to Claim 1 wherein carrying out
mathematical optimization includes creating an equivalent converter configuration which
represents a corresponding one of the flow of current through the converter and/or voltage

conditions in the converter.

3. A method of controlling a converter according to Claim 2 wherein creating an
equivalent converter configuration which represents the flow of current through the
converter includes mapping possible current flow paths through the converter, and wherein
creating an equivalent converter configuration which represents voltage conditions in the
converter includes mapping the limb portion voltage source and an inductive component

for each limb portion.

4. A method of controlling a converter according to any preceding claim wherein the
converter includes a plurality of converter limbs and wherein carrying out mathematical
optimization includes a corresponding one of applying a current weighting to the relative
current contribution provided by a plurality of limb portions and/or applying a voltage

weighting to the relative voltage contribution provided by each limb portion voltage source.

5, A method of controlling a converter according to Claim 4 including determining the

or each weighting according to measured operating parameters of the converter.
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6. A method of controlling a converter according to Claim 4 or Claim 5 wherein when
controlling the converter under a particular operating condition applying a weighting
includes applying a different weighting o at least one limb portion such that the or each
said limb portion provides a different contribution to the other limb portions.

7. A method of controlling a converter according to any preceding claim wherein
carrying out mathematical optimization to provide an optimal limb portion voltage source
for each limb portion includes reducing any deviation in an actual measured limb portion
current of a given limb portion from the corresponding determined limb portion current for

the said given limb portion.

8. A method of controlling a converter according to Claim 7 wherein reducing any
deviation in an actual measured limb portion current from the corresponding determined
limb portion current includes calculating an inductive voltage portion for the corresponding
limb portion.

9. A method of controlling a converter according to Claim 8 further including modifying
the calculated inductive voltage portion to drive the actual measured limb portion current

to follow the corresponding determined limb portion current.

10. A method of controlling a converter according to any preceding claim including
carrying out mathematical optimization to determine one or more minimum individual limb
portion currents that the corresponding limb portion must contribute to track the
corresponding required AC current demand phase waveform and the required DC current
demand, and/or provide minimum individual limb portion voltage sources to achieve the

corresponding determined limb portion current.

11. A method of controlling a converter according to any preceding claim including
carrying out mathematical optimization only to determine one or more optimal limb portion
currents, wherein providing a limb portion voltage source for each limb portion to achieve
the corresponding determined limb portion current includes applying a control algorithm to
directly establish optimal limb portion voltage sources from each of the corresponding

determined limb portion currents.

12. A converter comprising at least one converter limb corresponding to a respective
phase of the converter, the or each converter limb extending between first and second DC
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terminals and including first and second limb portions separated by an AC terminal, the
converter further comprising a controller configured to:

(a) obtain a respective AC current demand phase waveform for the or each
converter limb which the corresponding converter limb is required to track, and a DC
current demand which the or each converter limb is also required to track;

(b) determine a limb portion current for each limb portion that the limb portion
must contribute to track the corresponding required AC current demand phase waveform
and the required DC current demand;

(c) provide a limb portion voltage source for each limb portion to achieve the
corresponding determined limb portion current; and

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

portion currents and/or provide optimal limb portion voltage sources.
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