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(57) Abstract: A method of controlling a power transmission system (100) is disclosed. The power transmission system (100) com-
prises a DC link and and at least two inverting converters (101a, 101b) connected in parallel in the DC link. Current reference value
or values for the desired current through the respective inverting converters are received or retrieved, e.g. from a controller (108) in
the power transmission system. For each of the inverting converters, a current (IDC1, IDC2) through the inverting converter is meas -
ured and a first difference value between the measured current and the current reference value is determined. For each of the invert -
ing converters, a second difference value between the first difference value determined for the inverting converter and the first differ -
ence value determined for the other inverting converter is determined. For each of the inverting converters, a firing angle offset value
is determined based on the second difference value determined for the inverting converter. A firing angle of each inverting converter
is adjusted based on the firing angle offset values determined for the respective inverting converters. By adjustment of the firing
angle of a inverting converter, an adjustment of the current through the inverting converter may be achieved.



WO 2014/044293 PCT/EP2012/068339

METHOD OF CONTROLLING A POWER TRANSMISSION SYSTEM AND CORRESPONDING CONTROL
SYSTEM

10

15

20

25

30

Technical field

The present invention generally relates to power systems. In particular, the
present invention relates to a method in a power transmission system, a
power transmission system and a control system for a power transmission
system.

Background

In power systems such as power transmission systems, for example so called
High Voltage Direct Current (HVDC) power transmission systems, the
voltages used in the power transmission are becoming increasingly higher.
Voltage levels of about 800 kV are used today, and in some scenarios,
voltage levels of up to 1000 kV or even 1200 kV or higher are expected to be
used in the future. Converters in HVYDC power transmission systems convert
between a relatively high alternating current (AC) voltage and such high level
direct current (DC) voltages.

In a HVDC power transmission system there can be included a first AC
power line and a second AC power line interconnected via a DC link or line.
The first AC power line is connected to the DC link at a first end thereof, and
the second AC power line is connected to the DC link at a second end
thereof. There may be two inverting converters connected in parallel in the
DC link between the first AC power line and the second AC power line. Each
of the inverting converters is adapted to convert DC power to AC power. The
respective outputs from the inverting converters are outcoupled from the DC
link at one of the first and second ends thereof. A part of such a power
transmission system, specifically a part of the DC link, is schematically
depicted in Fig. 1. The DC link includes two inverting converters 101a, 101b
connected in parallel and two rectifying converters 102a, 102b connected in
parallel as illustrated in Fig. 1. The inverting converter 101b is connected to
the line via the inverting converter 101a. The rectifying converter 102b is
connected to the line via the rectifying converter 102a.
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The rectifying converters 102a, 102b and the inverting converters
101a, 101b are connected to AC lines schematically indicated by reference
numerals 103 and 104 via transformers 105a, 105b of the rectifying
converters 102a, 102b and via transformers 106a, 106b of the inverting
converters 101a, 101b, respectively.

The operation of the inverting converters 101a, 101b is often controlled
by having one of the inverting converters 101a, 101b control the DC line
voltage, i.e. the DC voltage over the DC link, and the other one of the
inverting converters 101a, 101b control the current through it. Furthermore,
the rectifying converters 102a, 102b are controlling the currents therethrough,
i.e. each of the rectifying converters 102a, 102b is controlling the current
through it.

A converter controlling the current therethrough may control the current
by varying or adjusting the firing angle of the converter, or the firing angle of
converter valves included in the converter, so as to meet the voltage on the
DC side of the converter.

Operation of a converter with constant or substantially constant
commutation margin angle may be decisive for the operating DC voltage of a
converter. Control of the DC voltage can be achieved by varying or adjusting
the extinction angle reference value for the converter, which extinction angle
reference value for example is supplied from a controller or control unit of the
power transmission system, accordingly controlling the DC voltage across the
converter. The tap position of a transformer of the converter may be varied or
adjusted, thereby controlling the AC voltage across the converter.

As known in the art, by firing angle of a converter, it is generally meant
the time or angle between the converter valve voltage becoming positive and
the instant at which the converter valve is fired. For a converter, the voltage
conversion ratio between the DC output and AC input, if acting as a rectifier,
or between the AC output and DC input, if acting as an inverter, is a function
of the firing angle of the converter. By extinction angle of a converter, it is
generally meant the time or angle between when the current in a converter
valve ceases and the subsequent positive zero crossing or transition of the
anode voltage on that converter valve. By commutation margin angle of the
converter, it is generally meant the angle between the end of commutation
and the subsequent converter valve voltage positive zero crossing or
transition.
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However, using a control scheme for operation of the inverting
converters 101a, 101b as described above, the inverting converters 101a,
101b may operate at different extinction angles. For example, one of the
inverting converters 101a, 101b may operate at a higher extinction angle
when controlling the DC current therethrough, which may result in a higher
reactive power consumption of the inverting converter 101a, 101b and/or an
increased stress on the converter valves of the inverting converter 101a,
101D.

Using a control scheme for operation of the inverting converters 101a,
101b as described above, an imbalance between the currents through the
respective inverting converters 101a, 101b may occur, in particular following
possible disturbances in the power transmission system. During recovery of
such disturbances, the inverting converter 101a, 101b that is controlling the
DC line voltage may be more prone to accept or take more current compared
to the inverting converter 101a, 101b which controls the current through it and
may therefore operate with a higher static characteristic than the inverting
converter 101a, 101b that is controlling the DC line voltage.

Summary

In view of the above discussion, a concern of the present invention is to
provide a method in a power transmission system including a DC link in which
at least two inverting converters are connected in parallel, which method
facilitates or enables the current flow between the inverting converters to
become more balanced as compared to using a control scheme for operation
of the inverting converters such as described with reference to Fig. 1.

A further concern of the present invention is to provide a method in a
power transmission system including a DC link in which at least two inverting
converters are connected in parallel, by which method occurrence of
imbalance between the currents through the respective inverting converters
may be reduced or even eliminated.

To address at least one of these concerns and other concerns, a
method, a power transmission system and a control system for a power
transmission system in accordance with the independent claims are provided.
Preferred embodiments are defined by the dependent claims.

According to a first aspect of the present invention, there is provided a
method in a power transmission system. The power transmission system
comprises a first AC power line and a second AC power line, and at least two
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inverting converters connected in parallel in a DC link between the first AC
power line and the second AC power line. The first AC power line is
connected to the DC link at a first end thereof and the second AC power line
is connected to the DC link at a second end thereof. Each of the at least two
inverting converters is adapted to convert DC power to AC power. The output
from the at least two inverting converters is outcoupled from the DC link at
one of the first and second ends thereof. The power transmission system
comprises a controller for controlling operation of the DC link. The method
comprises receiving current reference value for the desired current through
the respective inverting converters from the controller. For each of the
inverting converters, a current through the inverting converter is measured,
and a first difference value between the measured current and the current
reference value is determined. For each of the inverting converters, a second
difference value between the first difference value determined for the inverting
converter and the first difference value determined for the other inverting
converter is determined. For each of the inverting converters, a firing angle
offset value is determined based on the second difference value determined
for the inverting converter. A firing angle of each inverting converter is
adjusted or determined based on the firing angle offset values determined for
the respective inverting converters.

For example, adjustment or determination of the firing angle of each of
the inverting converters may comprise summing a firing angle reference value
for the inverting converter, e.g. received from the controller, and the firing
angle offset values determined for the inverting converter, thereby obtaining
an adjusted firing angle for the inverting converter.

The current through each of the inverting converters may be adjusted
at least in part based on the adjustment of the firing angle of the respective
inverting converters. By adjustment of the firing angle of a inverting converter,
an adjustment of the current through the inverting converter may be achieved.

By adjustment of the respective firing angles of the inverting converters
according to the method in a control loop, which for example may be a
proportional type (P-type) of control loop or a proportional-integral type (PI-
type) of control loop as will be further described in the following, the current
flow between the inverting converters may become more balanced, or the
difference between the currents through the inverting converters may become
less, as compared to using a control scheme for operation of the inverting
converters such as described in the foregoing with reference to Fig. 1. Thus,
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by a method according the present invention, occurrence of imbalance
between the currents through the respective inverting converters may be
reduced or even eliminated.

The adjustment of the respective firing angles of the inverting
converters according to the method in the control loop may be repeatedly
carried out until a selected requirement is met and/or a selected criteria for
the difference between the currents through the inverting converters is
complied with. The selected requirement may for example be expiry of a timer
or reaching a certain number of successive executions of the method steps.
The selected criteria for the difference between the currents through the
inverting converters may for example be the difference between the currents
through the inverting converters falling below a predefined current difference
threshold value.

The measurement of the currents in the respective inverting converters
may be performed at the same time or substantially at the same time, e.g.
within a few microseconds.

The firing angle offset values may be determined as a product of the
respective second difference values determined for the inverting converters
and a proportional gain value.

The steps of, for each of the inverting converters, (ii) measuring a
current through the inverting converter and (iii) determining a first difference
value between the measured current and the current reference value, and, for
each of the inverting converters, (iv) determining a second difference value
between the first difference value determined for the inverting converter and
the first difference value determined for the other inverting converter, and, for
each of the inverting converters, (v) determining a firing angle offset value is
determined based on the second difference value determined for the inverting
converter, and (vi) adjusting or determining a firing angle of each inverting
converter based on the firing angle offset values determined for the
respective inverting converters, may be repeated at least once. The steps (ii)-
(vi) may thereby be comprised in a control loop for repeatedly adjusting the
respective firing angles of the inverting converters. The control loop may for
example be a P-type control loop.

Alternatively, the control loop may for example be a Pl-type control
loop, as further described in the following.

By repeating the above-mentioned steps (ii)-(vi) at least one time, a
plurality of successive second different values are generated for each
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inverting converter. The adjustment of the firing angle of each of the inverting
converters may comprise selecting one of the plurality of successive second
different values such that there is at least one second different value the
determination of which preceded the determination of the selected one of the

5 successive second different values. For each of at least one of the inverting
converters, a firing angle offset value may be determined as a sum of a
product of the selected one of the successive second different values and a
proportional gain value, and a product based on an integral gain value and a
sum of the selected one of the successive second different values and

10 preceding one or ones of the successive second different values. A firing
angle of the inverting converter may be adjusted based on the firing angle
offset value. Thereby, adjustment of the current through the inverting
converter may be effected. For each inverting converter or converters other
than the above-mentioned at least one of the inverting converters, a firing

15 angle offset value may be determined as a product of the selected one of the
successive second different values and a proportional gain value. A firing
angle of the inverting converter may be determined based on the firing angle
offset value. Thereby, adjustment of the current through the inverting
converter may be effected.

20 Possibly, the receiving of a current reference value for the desired
current through the respective inverting converters from the controller may
also be repeated at least once and be comprised in the control loop.

The power transmission system may comprise communication means
for communication of signals between the at least two inverting converters.

25 The communication means may be wired and/or wireless. The
communication means may for example comprise a wireless communication
link of a type as known in the art.

The determination, for each of the inverting converters, of a second
difference value between the first difference value determined for the inverting

30 converter and the first difference value determined for the other inverting
converter, may be implemented in the respective inverting converters.

To this end, a current reference value for the desired current through
the respective inverting converter from the controller may be received at each
of the at least two inverting converters at least once. Each of the at least two

35 inverting converters may communicate the value of the measured current
through the inverting converter, the current reference value and/or the first
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difference value determined for the respective inverting converter to at least
one other of the at least two inverting converters at least once.

An extinction angle reference value for the desired extinction angle of
the respective inverting converters may be received or retrieved, e.g. from the
controller in the power transmission system.

The extinction angle of the respective inverting converters may be
determined or measured. On a condition that there is a difference between
the extinction angle of the respective inverting converters and the extinction
angle reference value, the extinction angle of the respective inverting
converters may be adjusted so as decrease the difference between the
extinction angle of the respective inverting converters and the extinction angle
reference value. Adjusting the extinction angle of the inverting converters may
for example comprise adjusting the tap positions of transformers of the
respective inverting converters.

At least one of the inverting converters may be configured to control
the DC voltage over the DC link.

A DC voltage reference value for the desired DC voltage over the
respective inverting converters may be received or retrieved, e.g. from the
controller in the power transmission system.

The DC voltage over the at least one of the inverting converters which
is configured to control the DC voltage over the DC link may be determined,
and on a condition that there is a difference between the DC voltage over the
at least one of the inverting converters and the DC voltage reference value,
the DC voltage over the at least one of the inverting converters may be
adjusted so as decrease the difference between the DC voltage over the at
least one of the inverting converters and the DC voltage reference value. The
determination and adjustment of the DC voltage over the at least one of the
inverting converters may be conditional on that the difference between the
extinction angle of the respective inverting converters and the extinction angle
reference value is below a predefined extinction angle difference reference
value. The adjustment of the DC voltage over the at least one of the inverting
converters may for example comprise adjusting the tap positions of a
transformer of the at least one of the inverting converters.

According to a second aspect of the present invention, there is
provided a power transmission system. The power transmission system
comprises a first AC power line and a second AC power line, and a DC link
between the first AC power line and the second AC power line. The first AC
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power line is connected to the DC link at a first end thereof and the second
AC power line is connected to the DC link at a second end thereof. The power
transmission system comprises at least two inverting converters connected in
parallel in the DC link. Each of the at least two inverting converters is adapted
to convert DC power to AC power. The output from the at least two inverting
converters is outcoupled from the DC link at one of the first and second ends
thereof. The power transmission system comprises a controller for controlling
operation of the DC link, and a converter control system. The converter
control system is adapted to receive current reference value for the desired
current through the respective inverting converters from the controller, and for
each of the inverting converters, measure a current through the inverting
converter and determine a first difference value between the measured
current and the current reference value. The converter control system is
adapted to, for each of the inverting converters, determine a second
difference value between the first difference value determined for the inverting
converter and the first difference value determined for the other inverting
converter. The converter control system is adapted to, for each of the
inverting converters, determine a firing angle offset value based on the
second difference value determined for the inverting converter, and adjust a
firing angle of each inverting converter based on the firing angle offsets
determined for the respective inverting converters.

By adjustment of the firing angle of each inverting converter,
adjustment of the current through the respective inverting converters may be
achieved.

According to a third aspect of the present invention, there is provided a
converter control system for a power transmission system. The power
transmission system comprises a first AC power line and a second AC power
line, and a DC link between the first AC power line and the second AC power
line. The first AC power line is connected to the DC link at a first end thereof
and the second AC power line is connected to the DC link at a second end
thereof. The power transmission system comprises at least two inverting
converters connected in parallel in the DC link. Each of the at least two
inverting converters is adapted to convert DC power to AC power. The output
from the at least two inverting converters is outcoupled from the DC link at
one of the first and second ends thereof. The power transmission system
comprises a controller for controlling operation of the DC link. The converter
control system is adapted to receive current reference value for the desired
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current through the respective inverting converters from the controller, and for
each of the inverting converters, measure a current through the inverting
converter and determine a first difference value between the measured
current and the current reference value. The converter control system is
adapted to, for each of the inverting converters, determine a second
difference value between the first difference value determined for the inverting
converter and the first difference value determined for the other inverting
converter. The converter control system is adapted to, for each of the
inverting converters, determine a firing angle offset value based on the
second difference value determined for the inverting converter, and adjust a
firing angle of each inverting converter based on the firing angle offsets
determined for the respective inverting converters.

According to a fourth aspect of the present invention, there is provided
a computer program product adapted to be executed in a converter control
system in a power transmission system. The computer program product
comprises computer-readable means carrying computer program code. The
power transmission system comprises a first AC power line and a second AC
power line, and a DC link between the first AC power line and the second AC
power line. The first AC power line is connected to the DC link at a first end
thereof and the second AC power line is connected to the DC link at a second
end thereof. The power transmission system comprises at least two inverting
converters connected in parallel in the DC link. Each of the at least two
inverting converters is adapted to convert DC power to AC power. The output
from the at least two inverting converters is outcoupled from the DC link at
one of the first and second ends thereof. The power transmission system
comprises a controller for controlling operation of the DC link. The computer
program code is configured to, when executed in the converter control
system, cause the converter control system to:

receive current reference value for the desired current through the
respective inverting converters from the controller;

for each of the inverting converters, measure a current through the
inverting converter and determine a first difference value between the
measured current and the current reference value;

for each of the inverting converters, determine a second difference
value between the first difference value determined for the inverting converter
and the first difference value determined for the other inverting converter;
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for each of the inverting converters, determine a firing angle offset
value based on the second difference value determined for the inverting
converter; and

adjust a firing angle of each inverting converter based on the firing
angle offsets determined for the respective inverting converters.

Further objects and advantages of the present invention are described
in the following by means of exemplifying embodiments.

It is noted that the present invention relates to all possible
combinations of features recited in the claims. Further features of, and
advantages with, the present invention will become apparent when studying
the appended claims and the following description. Those skilled in the art
realize that different features of the present invention can be combined to
create embodiments other than those described in the following.

Brief description of the drawings
Of the accompanying drawings, Fig. 1, which has already been described in
the foregoing, is a schematic view of a DC link in a power transmission
system according to an example.

Exemplifying embodiments of the invention will be described below
with reference to the other accompanying drawings, in which:

Fig. 2 is a schematic view of a part of a power transmission system in
accordance with an embodiment of the present invention;

Fig. 3 is a schematic view of a part of a power transmission system in
accordance with an embodiment of the present invention; and

Fig. 4 is a schematic flowchart of a method according to an
embodiment of the present invention.

In the accompanying drawings, the same reference numerals denote
the same or similar elements throughout the views.

Detailed description

The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which exemplifying embodiments
of the present invention are shown. The present invention may, however, be
embodied in many different forms and should not be construed as limited to
the embodiments set forth herein; rather, these embodiments are provided by
way of example so that this disclosure will convey the scope of the invention
to those skilled in the art. Furthermore, like numbers refer to like or similar
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elements or components throughout. The steps of any method described
herein do not have to be performed in the exact order as described, unless
specifically stated.

Referring now to Fig. 2, there is shown a schematic view of a part of a
power transmission system 100, to be specific a part of a DC link or line in a
power transmission system 100, according to an embodiment of the present
invention. The DC link includes two inverting converters 101a, 101b
connected in parallel and two rectifying converters 102a, 102b connected in
parallel as illustrated in Fig. 2. The inverting converter 101b is connected to
the line via the inverting converter 101a. The rectifying converter 102b is
connected to the line via the rectifying converter 102a.

It is noted that the power transmission system 100 depicted in Fig. 2 is
according to an example embodiment of a power transmission system,
including a DC link in which at least two inverting converters or inverters are
connected in parallel, and that many variations of the particular arrangement
of the other elements in the power transmission system relatively to each
other can be contemplated. For example, the DC link may include at least
three inverting converters connected in parallel.

The rectifying converters 102a, 102b and the inverting converters
101a, 101b may for example be thyristor-based.

The rectifying converters 102a, 102b and the inverting converters
101a, 101b are connected to first and second AC lines schematically
indicated by reference numerals 103 and 104 via transformers 105a, 105b of
the rectifying converters 102a, 102b and via transformers 106a, 106b of the
inverting converters 101a, 101b, respectively. Thus, the first AC power line
103 is connected to the DC link at a first end thereof, and the second AC
power line 104 is connected to the DC link at a second end thereof. Each of
the inverting converters 101a, 101b is adapted to convert DC power to AC
power. The respective outputs from the inverting converters 101a, 101b are
outcoupled from the DC link at the second end thereof.

The power transmission system 100 comprises a controller 108 for
controlling operation of the DC link.

The power transmission system 100 comprises converter control units
110a, 110b. According to the embodiment depicted in Fig. 2, the converter
control unit 110a is adapted to control operation of the inverting converter
101a, and the converter control unit 110b is adapted to control operation of
the inverting converter 101D.
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One or both of the inverting converters 101a, 101b may be configured
to control the DC line voltage, i.e. the DC voltage over the DC link. This may
be achieved for example by means of varying or adjusting the extinction angle
reference value for the one or both inverting converters 101a, 101b, which
extinction angle reference value for example is supplied from the controller
108, thereby controlling the DC voltage across the inverting converter 101a,
101b, or by means of varying the tap position of the respective transformers
106a, 106b of the inverting converters 101a, 101b.

The rectifying converters 102a, 102b may be configured to control the
currents therethrough, i.e. each of the rectifying converters 102a, 102b is
controlling the current through it.

Each of the converter control units 110a, 110b is adapted to receive a
current reference value, or current order, for the desired current through the
inverting converters 101a and 101b, respectively, e.g. from the controller 108
as illustrated in Fig. 2.

As illustrated in Fig. 2 by two-way arrows, the converter control units
110a, 110b are coupled with the controller 108 so as to be able to transmit
signals to and receive signals from the controller 108. In another embodiment,
the converter control units 110a, 110b are coupled with the controller 108 so
as to be able to receive signals from the controller 108, but not necessarily so
as to be able to transmit signals to the controller 108.

As further illustrated in Fig. 2 by two-way arrows, the converter control
units 110a, 110b are coupled with the inverting converters 101a and 101b,
respectively, so as to be able to transmit signals to and receive signals from
the inverting converters 101a and 101b, respectively. The converter control
units 110a, 110b are intercoupled so as to be able to transmit signals there-
between.

Transmission of signals between different elements in the power
transmission system 100 as discussed in the foregoing and in the following
may be effected by means of communication means which may be wired
and/or wireless. For example, transmission of signals between the converter
control units 110a, 110b may be effected by means of a wireless
communication link as known in the art.

Generally in the drawings, two-ways arrows between two elements
indicate two-way communication capability between the respective elements,
but do not necessarily imply necessity of two-way communication; one-way
communication may be contemplated.
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Each of the converter control units 110a, 110b is adapted to cause the
inverting converter 101a and 101D, respectively, to measure current Ipc 1, Ipc2
through the respective inverting converter 101a, 101b, and to determine a first
difference value between the measured current and the current reference
value. Alternatively, the inverting converters 101a, 101b, after having
measured the current through the respective inverting converter 101a, 101b,
transmits the respective measured current values to the converter control
units 110a and 110Db, respectively, at which the determination of the first
difference value is performed.

Alternatively or optionally, each of the converter control units 110a,
110b may be adapted to cause a current sensor or sensors (not shown in Fig.
2), connected to the converter control units 110a, 110b, to measure currents
Ipc.1, Ipc 2 through the respective inverting converters 101a, 101b.

According to the embodiment depicted in Fig. 2, the first difference
values for the respective inverting converters 101a, 101b are exchanged
between the converter control units 110a, 110b.

At the converter control unit 110a, a second difference value between
the first difference value determined for the inverting converter 101a and the
first difference value determined for the other inverting converter 101b is
determined. Alternatively, the converter control unit 110a may be adapted to
cause the inverting converter 101a to perform the determination of the second
difference value. The converter control unit 110a is adapted to determine a
firing angle offset value for the inverting converter 101a, or for converter
valves of the inverting converter 101a, based on the second difference value
determined for the inverting converter 101a.

At the converter control unit 110b, a second difference value between
the first difference value determined for the inverting converter 101b and the
first difference value determined for the other inverting converter 101a is
determined. Alternatively, the converter control unit 110b may be adapted to
cause the inverting converter 101b to perform the determination of the second
difference value. The converter control unit 110b is adapted to determine a
firing angle offset value for the inverting converter 101b, or for converter
valves of the inverting converter 101b, based on the second difference value
determined for the inverting converter 101D.

The converter control units 110a, 110b are adapted to adjust or
determine a firing angle of the inverting converters 101a, 101b, respectively,
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based on the firing angle offset values determined for the respective inverting
converters 101a, 101b.

By adjustment of the firing angle of the inverting converters 101a,
101b, adjustment of the current through the respective inverting converters
101a, 101b may be achieved.

The measurement of the current through the respective inverting
converters 101a, 101b, determination of the first difference values for the
respective inverting converters 101a, 101b, determination of the second
difference values for the respective inverting converters 101a, 101b,
determination of firing angle offset values based on the respective second
difference values, and possibly the receipt of current reference values for the
desired current through the respective inverting converters 101a, 101b, may
be performed repeatedly and hence be part of a control loop, e.g. effected by
the controller 108 and/or the converter control units 110a, 110b.

The converter control units 110a, 110b may be adapted to measure or
determine the DC voltage Upc 1, Upc2 over the inverting converter 101a and
101b, respectively.

By adjustment of the respective firing angles of the inverting converters
101a, 101b such as described above with reference to Fig. 2 in a control loop,
which for example may be a proportional type (P-type) of control loop or a
proportional-integral type (Pl-type) of control loop, the current flow between
the inverting converters 101a, 101b may become more balanced, or the
difference between the currents through the inverting converters 101a, 101b
may become less, as compared to using a control scheme for operation of the
inverting converters 101a, 101b such as described with reference to Fig. 1.
Thus, by adjustment of the respective firing angles of the inverting converters
101a, 101b such as described above with reference to Fig. 2, occurrence of
imbalance between the currents through the respective inverting converters
101a, 101b may be reduced or even eliminated.

In the control loop, the current error for each inverting converter 101a,
101b, defined as a difference between the current order and momentaneous
current through the respective inverting converter 101a, 101b, is monitored
over a period. For each inverting converter, a difference between the
determined current error for the inverting converter and the current error
determined for the other inverting converter is formed. This latter difference
for each inverting converter can be multiplied by a proportional gain so as to
obtain a contribution to a firing angle of the respective inverting converter or a
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firing angle of converter valves of the respective inverting converter. The
proportional gain may be time dependent or predefined or constant. The
contribution to the firing angle of the respective inverting converter or the
firing angle of converter valves of the respective inverting converter can then
be added to a firing angle of the respective inverting converter or a firing
angle of converter valves of the respective inverting converter established by
or obtained from some other control system, e.g. the controller 108, e.g. a
Current Control Amplifier included in a Converter Firing Control functionality.

As indicated in the foregoing, the converter control units 110a, 110b
may be adapted to determine the firing angle offset values as a product of the
respective second difference values determined for the respective inverting
converters 101a, 101b and a proportional gain value, and possibly some
other factor and/or constant. The proportional gain value may be time-
dependent or predefined or constant.

In a P-type control loop, a transfer function of the control loop may for
example be defined by the following equation, for each inverting converter:

Qofiset = (1 /[/I +ST])' [(Iresponse, own — Iorder, own)'(lresponse, other — Iorder, other)] ‘K, ’

where:

(1/[1+sT]) represents a relatively small filter time constant, which may
reduce the level of possible ripple in case introduced in the control system,

lresponse, own IS the current response, i.e. the measured current, for the
inverting converter, or ‘own’ inverting converter,

lorder, own 1S the current order, e.g. a current reference value, for the
inverting converter,

lresponse, other 1S the current response for the other one of the inverting
converters,

lorder, other IS the current order for the other one of the inverting
converters, and

Ko is a proportional gain.

Hence, the control loop can use current order and current response
from both inverter converters as input variables. According to an embodiment
of the present invention, the current order and current response for the
respective inverting converters are exchanged between between the inverting
converters, and/or between the converter control units.
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Transmission of signals between different elements in the power
transmission system may be associated with some latency in the time from
sending of a signal from the source to the destination of the signal recieiving
the signal.

The latency generally depends on the characteristics of the
communication means or equipment used for transmission of signals between
different elements in the power transmission system. In the context of the
present application, latency may be between 4-10 ms or less. Latency may
introduce restrictions on gain used in the control loop. Simulations have
shown that it may be desired or required to reduce gain when taking into
account effects of the latency in the control loop. To this end, a parametric
analysis of the gain, including the effect of latency, may be performed.

By a P-type control loop the transfer function of which is defined by the
equation above, there might be a risk that a residual imbalance between the
inverting converters occur. However, such a risk may be reduced or even
eliminated by introducing a integral term in the above equation, i.e. by using a
Pl-type of control loop instead of a P-type control loop. Such an integral term
may be introduced for only one of the inverting converters, or for both
inverting converters. According to one example, such an integral term is
introduced for the inverting converter or converters configured to control the
DC voltage over the DC link, but possibly not for an inverting converter not
configured to control the DC voltage over the DC link. According to another
example, in case the DC link includes at least three inverting converters
connected in parallel, a Pl-type of control loop for adjustment of the firing
angle is employed for two inverting converters, and a P-type of control loop
for adjustment of the firing angle is employed for one inverting converter.

For the DC voltage, Upc, and current, Ipc, characteristic for an inverting
converter, the inverting converter static Upc-/pc characteristic includes two
basic segments: a vertical line representing the condition of the inverting
converter controlling the DC current and a horizontal line representing the
operation of the inverting converter with constant commutation margin.

The Upc-Inc characteristic for an inverting converter can be described
by the relationship:

-Upc = Ugiocos a — (dxn-din)-(Udion / Ipen): Ioc,

where:
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Udio is the no-load direct voltage,

Usion is the no-load direct voltage at nominal converter transformer tap
position and nominal AC voltage,

a is the extinction angle for the inverting converter or converter valves
of the inverting converter,

dxn is the relative inductive voltage drop at rated direct current and at
rated no-load direct voltage,

dw is the resistive voltage drop at rated operation,

Ipcn is the rated current, and

Inc is the direct current.

A rectifying converter can be described with a Upc-Inc characteristic
similar to that above for an inverting converter.

However, from the Upc-Ipc characteristic for an inverting converter
above, the operation of the inverting converter with constant commutation
margin may in reality not be represented by a horizontal line but by a line
having a negative slope, with the converter transformer reactance influencing
the slope, assuming the inverting converter is connected to a ‘stiff AC system
or line, otherwise the network impedance also influences the slope. Such
negative slope characteristics may decrease stability in the operation of the
inverting converter. In order to improve the operational stability of the
inverting converter the static characteristic of the inverting converter may be
changed by introducing a positive slope, which can be achieved by adding an
appropriate contribution or offset to the inverting converter firing angle
proportional to (/esponse — lorder), Similarly to what has been described in the
foregoing with respect to the transfer function. This means that the current
balance control described in the foregoing can alternatively be interpreted as
introducing an additional a-segment with positive slope in the inverting
converter static characteristic. This additional a-segment is affected not only
by the current error from the ‘own’ inverting converter but also from the
inverting converter arranged in parallel with the ‘own’ inverting converter. This
positive slope segment may have a stabilization effect in balancing of current
flows between the inverting converters.

Referring now to Fig. 3, there is shown a schematic view of a part of a
power transmission system 100, to be specific a part of a DC link or line in a
power transmission system 100, according to an embodiment of the present
invention. The embodiment depicted in Fig. 3 is similar to the embodiment
depicted in Fig. 2, with an exception in that the power transmission system
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100 in Fig. 3 comprises converter transformer tap changer control units 112a,
112b, as illustrated in Fig. 3.

The converter transformer tap changer control units 112a, 112b are
configured to control a tap changer mechanism in the transformers 106a,
106b of the inverting converters 101a, 101b, respectively. The tap changer
mechanism can change the position of the transformer tap or tapping
connection, which is a connection point along a transformer winding that
allows a certain number of turns to be selected, thereby enabling voltage
regulation of the outputs of the respective transformers 106a, 106b. The tap
changer mechanism may for example comprise on-load tap changers that
can be used for changing the position of the tapping connection of energized
transformer windings.

The converter transformer tap changer control units 112a, 112b are
configured to control the tap changer mechanisms in the transformers 106a,
106b of the inverting converters 101a, 101b, respectively, in order to regulate
the extinction angle of one or both inverting converters 101a, 101b so as to
keep the extinction angle or angles within a selected angle interval, e.g. £1°,
about an extinction angle reference value that for example may be received
from the controller 108. By allowing a variation of the extinction angle within
the selected angle interval, no or less ‘hunting’ of the tap changer mechanism
may occur. The regulation of the extinction angle of one or both inverting
converters 101a, 101b may be performed over a time period so as to maintain
the extinction angle or angles within the selected angle interval during that
time period.

Alternatively or optionally, the tap changer mechanisms in the
transformers 106a, 106b of the inverting converters 101a, 101b, respectively,
may be manually controlled by an operator.

For example, the extinction angle of the respective inverting converters
101a, 101b may be determined or measured at the inverting converters 101a,
101b, respectively. On a condition that there is a difference between the
extinction angle of the respective inverting converters 101a, 101b and the
extinction angle reference value, the extinction angles of the respective
inverting converters 101a, 101b may be adjusted so as decrease the
difference between the extinction angles of the respective inverting converters
101a, 101b and the extinction angle reference value. The adjustment is
achieved by means of the converter transformer tap changer control units
112a, 112b controlling the tap changer mechanisms in the transformers 106a,
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106b of the inverting converters 101a, 101b, respectively, so as to adjust the
tap positions of the transformers 106, 106b of the respective inverting
converters 101a, 101b.

A no-load control function, which for example may be implemented in
the converter transformer tap changer control units 112a, 112b, may control
the tap changer mechanism of the inverting converter transformers 106a,
106b when the inverting converters 101a, 110b are in a blocked state so as to
establish the no-load DC voltage Ugo level corresponding to the steady state
requirement at a minimum current level. Thereby, when the inverting
converters 101a, 101b are brought out of the blocked state, no immediate
stepping would be required by the tap changer mechanism.

A Ugio limitation function, which for example may be implemented in the
converter transformer tap changer control units 112a, 112b, may monitor, e.g.
repeatedly measure, the voltage in the inverting converters 101a, 101b, and
override the tap changer mechanisms in the transformers 106a, 106b of the
inverting converters 101a, 101b, respectively, in case a no-load DC voltage
level is detected that exceeds a predefined Uy threshold value. The Usio
threshold value may for example be received from the controller 108. The Ui
limitation function may regulate or step down the voltage and/or inhibit or
reduce the tap changer mechanism operability or functionality in case a no-
load DC voltage level is detected that exceeds the predefined Uy threshold
value. The Ugjp limitation function may protect the valves of the inverting
converters 101a, 101b from excessive voltage stress.

As previously mentioned, at least one of the inverting converters 101a,
101b may be configured to control the DC voltage over the DC link. For
example, the inverting converter 101a may be configured to control the DC
voltage over the DC link, whereas the inverting converter 101b is not
controlling DC voltage over the DC link. The DC voltage control may for
example be implemented in the converter transformer tap changer control unit
112a. The DC voltage over the the inverting converter 101a is determined or
measured at the inverting converter 101a. On a condition that there is a
difference between the DC voltage over the inverting converter 101a and a
DC voltage reference value, which for example may be established by the
controller 108, the DC voltage over the inverting converter 101a may be
adjusted so as decrease the difference between the DC voltage over the
inverting converter 101a and the DC voltage reference value. The adjustment
of the DC voltage over the inverting converter 101a may for example be



WO 2014/044293 PCT/EP2012/068339

10

15

20

25

30

35

20

effected by means of adjusting the tap positions of the transformer 106a of
the inverting converter 101a, possibly controlled by the converter transformer
tap changer control unit 112a.

According to an embodiment of the present invention, the above-
mentioned DC voltage control may be conditional on that the difference
between the extinction angle of the respective inverting converters 101a,
101b and the extinction angle reference value is below a predefined extinction
angle difference reference value. In other words, the above-mentioned DC
voltage control may only be carried out if a selected criteria for the extinction
angles of the inverting converters 101a, 101b is fulfilled. For example, only if it
is established that the inverting converters 101a, 101b are operating at
extinction angles sufficiently close to the extinction angle reference value,
control of the DC voltage of the DC link by one or both of the inverting
converters 101a, 101b may be initiated or activated.

For the case where one of the inverting converters 101a, 101b is
controlling the DC voltage over the DC link, such as where the inverting
converter 101a is configured to control the DC voltage over the DC link and
the inverting converter 101b is not controlling DC voltage over the DC link, the
regulation or control of the extinction angle may be performed for both of the
inverting converters 101a, 101b while the above-mentioned DC voltage
control is performed only for the inverting converter 101a which is configured
to control the DC voltage over the DC link.

According to an embodiment of the present invention, the converter
transformer tap changer control unit 112a is configured to control the tap
changer mechanism in the transformer 106a of the inverting converter 101a in
order to regulate the DC voltage over the inverting converter 101a so as to
keep the DC voltage over the inverting converter 101a within a selected DC
voltage interval about the DC voltage reference value . By allowing a variation
of the DC voltage over the inverting converter 101a within the selected DC
voltage interval, no or less hunting of the tap changer mechanism in the
transformer 106a may occur. The regulation of the DC voltage over the
inverting converter 101a may be performed over a time period so as to
maintain the DC voltage over the inverting converter 101a within the selected
DC voltage interval during that time period.

The rectifying converters 102a, 102b are controlling the currents
therethrough, i.e. each of the rectifying converters 102a, 102b is controlling
the current through it. By controlling the tap positions of the transformers
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105a, 105b of the rectifiying converters 102a, 102b, the firing angles of the
rectifying converters 102a, 102b, or the converter valves of the rectifiying
converters 102a, 102b, can be controlled so as to keep the firing angles of the
rectifying converters 102a, 102b close to a firing angle reference value, e.g.
within a selected angle interval, e.g. £1°, about the firing angle reference
value. The firing angle reference value for the rectifying converters 102a,
102b may for example be received from the controller 108.

Referring now to Fig. 4, there is shown a schematic flowchart of a
method 400 according to an embodiment of the present invention. The
method 400 is carried out in a power transmission system comprising a first
AC power line and a second AC power line, and at least two inverting
converters connected in parallel in a DC link between the first AC power line
and the second AC power line. The first AC power line is connected to the DC
link at a first end thereof and the second AC power line is connected to the
DC link at a second end thereof. Each of the at least two inverting converters
is adapted to convert DC power to AC power. The output from the at least two
inverting converters is outcoupled from the DC link at one of the first and
second ends thereof. The power transmission system may comprise a
controller for controlling operation of the DC link.

The method 400 comprises receiving or retrieving a current reference
value for the desired current through the respective inverting converters, 401,
e.g. from the controller.

For each of the inverting converters, a current through the inverting
converter is measured and a first difference value between the measured
current and the current reference value is determined, 402.

For each of the inverting converters, a second difference value
between the first difference value determined for the inverting converter and
the first difference value determined for the other inverting converter is
determined, 403.

For each of the inverting converters, a firing angle offset value is
determined based on the second difference value determined for the inverting
converter, 404.

A firing angle of each inverting converter is adjusted based on the firing
angle offset values determined for the respective inverting converters, 405.

By adjustment of the firing angle of the respective inverting converters,
adjustment of the current through the inverting converters may be achieved.
At step 406, there is determined whether a selected requirement is met or a
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selected criteria for the difference between the currents through the inverting
converters is complied with. The selected requirement may for example be
expiry of a timer or reaching a certain number of successive executions of the
method steps. The selected criteria for the difference between the currents
through the inverting converters may for example be the difference between
the currents through the inverting converters falling below a predefined
current difference threshold value. In case the selected requirement is not
met and/or the selected criteria for the difference between the currents
through the inverting converters is not complied with, the method 400 returns
to step 402, or alternatively to step 401 as indicated by the dashed line. In
case the selected requirement is met and/or the selected criteria for the
difference between the currents through the inverting converters is complied
with, the method 400 ends.

In conclusion, a method in a power transmission system is disclosed.
The power transmission system comprises a DC link and and at least two
inverting converters connected in parallel in the DC link. Current reference
value or values for the desired current through the respective inverting
converters are received or retrieved,e.g. from a controller in the power
transmission system. For each of the inverting converters, a current through
the inverting converter is measured and a first difference value between the
measured current and the current reference value is determined. For each of
the inverting converters, a second difference value between the first
difference value determined for the inverting converter and the first difference
value determined for the other inverting converter is determined. For each of
the inverting converters, a firing angle offset value is determined based on the
second difference value determined for the inverting converter. A firing angle
of each inverting converter is adjusted based on the firing angle offset values
determined for the respective inverting converters. By adjustment of the firing
angle of a inverting converter, an adjustment of the current through the
inverting converter may be achieved.

While the present invention has been illustrated and described in detail
in the appended drawings and the foregoing description, such illustration and
description are to be considered illustrative or exemplifying and not restrictive;
the present invention is not limited to the disclosed embodiments. Other
variations to the disclosed embodiments can be understood and effected by
those skilled in the art in practicing the claimed invention, from a study of the
drawings, the disclosure, and the appended claims. The mere fact that certain
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measures are recited in mutually different dependent claims does not indicate
that a combination of these measures cannot be used to advantage.
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Claims

1. A method in a power transmission system comprising a first alternating
current, AC, power line and a second AC power line, and at least two
inverting converters connected in parallel in a direct current, DC, link between
the first AC power line and the second AC power line, wherein the first AC
power line is connected to the DC link at a first end thereof and the second
AC power line is connected to the DC link at a second end thereof, each of
the at least two inverting converters being adapted to convert DC power to
AC power, wherein the output from the at least two inverting converters is out-
coupled from the DC link at one of the first and second ends thereof, the
power transmission system comprising a controller for controlling operation of
the DC link, the method comprising:

(i) receiving current reference value for the desired current through the
respective inverting converters from the controller; and

for each of the inverting converters:

(i) measuring a current through the inverting converter; and

(iif) determining a first difference value between the measured
current and the current reference value;
the method further comprising, for each of the inverting converters:

(iv) determining a second difference value between the first
difference value determined for the inverting converter and the first
difference value determined for the other inverting converter; and
the method further comprising, for each of the inverting converters:

(v) determining a firing angle offset value based on the second
difference value determined for the inverting converter; and
(vi) adjusting a firing angle of each inverting converter based on the
firing angle offset values determined for the respective inverting
converters.

2. A method according to claim 1, further comprising:

adjusting the current through each of the inverting converters at least in
part based on the adjustment of the firing angle of the respective inverting
converters.
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3. A method according to claim 1 or 2, wherein the firing angle offset
values are determined as a product of the respective second difference
values determined for the inverting converters and a proportional gain value.

4. A method according to any one of claims 1-3, further comprising:

repeating at least steps (ii)-(vi) at least one time, wherein at least steps
(ii)-(vi) are comprised in a control loop for repeatedly adjusting the firing angle
of each of the inverting converters.

5. A method according to claim 1, further comprising:
repeating at least steps (ii)-(vi) at least one time, whereby a plurality of
successive second different values are generated for each inverting
converter;
wherein the adjustment of the firing angle of each of the inverting
converters comprises:
selecting one of the plurality of successive second different
values such that there is at least one second different value the
determination of which preceded the determination of the selected one
of the successive second different values;
for each of at least one of the inverting converters:
determining a firing angle offset value as a sum of:
a product of the selected one of the successive
second different values and a proportional gain value;
and
a product based on an integral gain value and a
sum of the selected one of the successive second
different values and preceding one or ones of the
successive second different values; and
adjusting a firing angle of the inverting converter based
on the firing angle offset value; and
for each inverting converter or converters other than said at
least one of the inverting converters:

determining a firing angle offset value as a product of the
selected one of the successive second different values and a
proportional gain value; and

adjusting a firing angle of the inverting converter based
on the firing angle offset value.
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6. A method according to any one of claims 1-5, further comprising:

receiving an extinction angle reference value for the desired extinction
angle of the respective inverting converters from the controller;

determining the extinction angle of the respective inverting converters;
and

on a condition that there is a difference between the extinction angle of
the respective inverting converters and the extinction angle reference value,
adjusting the extinction angle of the respective inverting converters so as
decrease the difference between the extinction angle of the respective
inverting converters and the extinction angle reference value.

7. A method according to claim 6, wherein adjusting the extinction angle
of the inverting converters comprises adjusting the tap positions of trans-
formers of the respective inverting converters.

8. A method according to any one of claims 1-7, wherein at least one of
the inverting converters is configured to control the DC voltage over the DC
link, the method further comprising:

receiving a DC voltage reference value for the desired DC voltage over
the respective inverting converters from the controller; and

determining the DC voltage over the at least one of the inverting
converters being configured to control the DC voltage over the DC link; and

on a condition that there is a difference between the DC voltage over
the at least one of the inverting converters and the DC voltage reference
value, adjusting the DC voltage over the at least one of the inverting
converters so as decrease the difference between the DC voltage over the at
least one of the inverting converters and the DC voltage reference value.

9. A method according to claim 6 or 7, wherein at least one of the
inverting converters is configured to control the DC voltage over the DC link,
the method further comprising:

on a condition that the difference between the extinction angle of the
respective inverting converters and the extinction angle reference value is
below a predefined extinction angle difference reference value:

receiving a DC voltage reference value for the desired DC
voltage over the respective inverting converters from the controller; and
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determining the DC voltage over the at least one of the inverting
converters being configured to control the DC voltage over the DC link;
and

on a condition that there is a difference between the DC voltage
over the at least one of the inverting converters and the DC voltage
reference value, adjusting the DC voltage over the at least one of the
inverting converters so as decrease the difference between the DC
voltage over the at least one of the inverting converters and the DC
voltage reference value.

10. A method according to claim 8 or 9, wherein adjusting the DC voltage
over the at least one of the inverting converters comprises adjusting the tap
positions of a transformer of the at least one of the inverting converters.

11. A power transmission system comprising:
a first alternating current, AC, power line and a second AC power line;
a direct current, DC, link between the first AC power line and the
second AC power line, wherein the first AC power line is connected to the DC
link at a first end thereof and the second AC power line is connected to the
DC link at a second end thereof;
at least two inverting converters connected in parallel in the DC link,
each of the at least two inverting converters being adapted to convert DC
power to AC power, wherein the output from the at least two inverting
converters is outcoupled from the DC link at one of the first and second ends
thereof;
a controller for controlling operation of the DC link; and
a converter control system adapted to:
receive current reference value for the desired current through
the respective inverting converters from the controller;
for each of the inverting converters, measure a current through
the inverting converter and determine a first difference value between
the measured current and the current reference value;
for each of the inverting converters, determine a second
difference value between the first difference value determined for the
inverting converter and the first difference value determined for the
other inverting converter,;
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for each of the inverting converters, determine a firing angle
offset value based on the second difference value determined for the
inverting converter; and

adjust a firing angle of each inverting converter based on the
firing angle offsets determined for the respective inverting converters.

12. A converter control system for a power transmission system, the power
transmission system comprising:
a first alternating current, AC, power line and a second AC power line;
a direct current, DC, link between the first AC power line and the
second AC power line, wherein the first AC power line is connected to the DC
link at a first end thereof and the second AC power line is connected to the
DC link at a second end thereof;
at least two inverting converters connected in parallel in the DC link,
each of the at least two inverting converters being adapted to convert DC
power to AC power, wherein the output from the at least two inverting
converters is outcoupled from the DC link at one of the first and second ends
thereof; and
a controller for controlling operation of the DC link;
the converter control system being adapted to:
receive current reference value for the desired current through
the respective inverting converters from the controller;
for each of the inverting converters, measure a current through
the inverting converter and determine a first difference value between
the measured current and the current reference value;
for each of the inverting converters, determine a second
difference value between the first difference value determined for the
inverting converter and the first difference value determined for the
other inverting converter;
for each of the inverting converters, determine a firing angle
offset value based on the second difference value determined for the
inverting converter; and
adjust a firing angle of each inverting converter based on the
firing angle offsets determined for the respective inverting converters.

13. A computer program product adapted to be executed in a converter
control system in a power transmission system, the computer program
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product comprising computer-readable means carrying computer program
code, the power transmission system comprising:
a first alternating current, AC, power line and a second AC power line;
a direct current, DC, link between the first AC power line and the
second AC power line, wherein the first AC power line is connected to the DC
link at a first end thereof and the second AC power line is connected to the
DC link at a second end thereof;
at least two inverting converters connected in parallel in the DC link,
each of the at least two inverting converters being adapted to convert DC
power to AC power, wherein the output from the at least two inverting
converters is outcoupled from the DC link at one of the first and second ends
thereof; and
a controller for controlling operation of the DC link;
the computer program code being configured to, when executed in the
converter control system, cause the converter control system to:
receive current reference value for the desired current through
the respective inverting converters from the controller;
for each of the inverting converters, measure a current through
the inverting converter and determine a first difference value between
the measured current and the current reference value;
for each of the inverting converters, determine a second
difference value between the first difference value determined for the
inverting converter and the first difference value determined for the
other inverting converter;
for each of the inverting converters, determine a firing angle
offset value based on the second difference value determined for the
inverting converter; and
adjust a firing angle of each inverting converter based on the
firing angle offsets determined for the respective inverting converters.
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