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(57) Abstract: A multi-terminal DC electrical network (20)
comprises: a plurality of DC terminals (22), each DC termin-
al (22) being operatively connected to at least one other DC
terminal (22) via a respective DC power transmission medi-
um (24); a plurality of converters (26), each converter (26)
being operatively connected to a respective one of the DC
terminals (22), the plurality of converters (26) including at
least one designated converter (26); and a controller (28) in-
cluding a solver (30) configured to use an algorithm to pro-
cess a plurality of values to thereby compute a no-load DC
voltage for at least one first designated converter (26) as a
function of the plurality of values, the plurality of values in-
cluding: at least one first value defining an operating mode
of the or each designated converter (26); at least one second
value defining a default electrical characteristic of the multi-
terminal DC electrical network (20) or a computation para-
meter of the algorithm; and at least one third value detining
an electrical measurement corresponding to a voltage or cur-
rent in the multi-terminal DC electrical network (20),
wherein the controller (28) is configured to operate the or
each first designated converter (26) in accordance with the
or the respective computed no-load DC voltage.



10

15

20

25

30

35

WO 2015/107167 PCT/EP2015/050810

MULTI-TERMINAL DC ELECTRICAL NETWORK

This invention relates to a multi-terminal DC electrical network, and a method of controlling

power flow in a multi-terminal DC electrical network.

A new class of high voltage direct current (HVDC) power transmission networks are being
considered for moving large quantities of power over long distances, as required by
geographically dispersed renewable forms of generation, and to augment existing
capabilities of AC and DC power transmission networks with smartgrid intelligence and
features that are able to support modern electricity trading requirements. Such a network
is sometimes referred to as a DC power grid.

A DC power grid requires multi-terminal interconnection of HVDC converters, whereby
power can be exchanged on the DC side using three or more HVDC converters operating
in parallel. Each HVDC converter acts as either a source or sink to maintain the overall
input-to-output power balance of the network whilst exchanging the power as required.
Such interconnection is carried out using DC power transmission media to interconnect
different terminals of the DC power grid.

A DC power transmission medium may be any medium that is capable of transmitting
electrical power between two or more DC terminals. Such a medium may be, but is not
limited to, a submarine DC power transmission cable, an overhead DC power transmission
line, or a combination of an overhead DC power transmission line and an underground DC

power transmission cable.

According to a first aspect of the invention, there is provided a multi-terminal DC electrical
network comprising:

a plurality of DC terminals, each DC terminal being operatively connected to at
least one other DC terminal via a respective DC power transmission medium;

a plurality of converters, each converter being operatively connected to a
respective one of the DC terminals, the plurality of converters including at least one
designated converter; and

a controller including a solver configured to use an algorithm to process a plurality
of values to thereby compute a no-load DC voltage for at least one first designated
converter as a function of a plurality of values, the plurality of values including:

at least one first value defining an operating mode of the or each designated

converter,
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at least one second value defining a default electrical characteristic of the
multi-terminal DC electrical network or a computation parameter of the algorithm;
and
at least one third value defining an electrical measurement corresponding
to a voltage or current in the multi-terminal DC electrical network,
wherein the controller is configured to operate the or each first designated
converter in accordance with the or the respective computed no-load DC voltage.

It will be understood that, for the purposes of the specification, a computation parameter
of the algorithm is defined as a rule followed by the algorithm when processing the plurality

of values.

It will be appreciated that the controller of the multi-terminal DC electrical network may
include a global control unit associated with the multi-terminal DC electrical network, or a
combination of the global unit and a plurality of local control units respectively associated
with the plurality of converters.

In practice, a multi-terminal DC electrical network can include very high numbers of DC
terminals, DC power transmission media and converters, all of which are interconnected

in a complex layout.

The configuration of the solver according to the invention to compute the no-load DC
voltage as a function of the operating mode(s), default electrical characteristic(s) of the
multi-terminal DC electrical network and/or computation parameter(s) of the algorithm, and
electrical measurement(s) corresponding to a voltage or current in the multi-terminal DC
electrical network not only results in a solver that is capable of computing a no-load DC
voltage for the or each first designated converter to reliably control power flow in the multi-
terminal DC electrical network, but also simplifies computation of the no-load DC voltage
for the or each first designated converter.

In addition using the solver according to the invention enables provision of a no-load DC
voltage for the or each first designated converter to control power flow in the multi-terminal
DC electrical network in a way that optimises power flow and power balance in the multi-
terminal DC electrical network for a given set of first, second and third values, thus resulting

in an efficient and reliable multi-terminal DC electrical network.
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Each of the plurality of converters may be a designated converter, preferably a first
designated converter.

The solver may be configured to use the algorithm to process the plurality of values to
thereby compute a converter power order for at least one second designated converter as
a function of the plurality of values, and wherein the controller is configured to operate the
or each second designated converter in accordance with the or the respective converter

power order.

In embodiments of the invention, the solver may be configured to use the algorithm to
process the plurality of values to thereby compute a converter power order, a power ramp
rate order and/or a DC voltage ramp rate order for the or each designated converter as a
function of the plurality of values, and wherein the controller is configured to operate the
or each designated converter in accordance with the or the respective converter power
order, power ramp rate order and/or DC voltage ramp rate order.

Such configuration of the solver enhances the ability of the controller to provide control
over the power flow in the multi-terminal DC electrical network.

In such embodiments, the solver may be configured to use the algorithm to process the
plurality of values to thereby compute a power ramp rate order for each of a plurality of
designated converters as a function of the plurality of values so as to equalise a plurality
of power ramp times for the plurality of designated converters, the power ramp time for
each of the plurality of designated converters being the time taken for that designated
converter to attain a predefined converter power.

In other such embodiments, the solver may be configured to use the algorithm to process
the plurality of values to thereby compute a DC voltage ramp rate order for each of a
plurality of designated converters as a function of the plurality of values so as to equalise
a plurality of DC voltage ramp times for the plurality of designated converters, the DC
voltage ramp time for each of the plurality of designated converters being the time taken
for that designated converter to attain a predefined DC converter voltage.

Configuration of the solver to equalise the power and/or DC voltage ramp times for the
plurality of designated converters ensures synchronisation of action of the plurality of
designated converters in modifying their respective powers to attain a respective converter
power and/or their respective DC voltages to attain a respective DC converter voltage.

3
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The solver may be configured to use the algorithm to process the plurality of values to
thereby compute a DC power transmission medium current for at least one designated DC
power transmission medium, a converter current for the or each designated converter, a
converter voltage for the or each designated converter, a converter power for the or each
designated converter and/or a converter power error for the or each designated converter.

For the purposes of this specification, a converter power error is defined as the difference
between a preliminary converter power order and the computed converter power for a

designated convetter.

The solver may be configured to use the algorithm to process the plurality of values to
thereby compute a DC power transmission medium current for the or each designated DC
power transmission medium, a converter current for the or each designated converter, a
converter voltage for the or each designated converter and/or a converter power error for
the or each designated converter in accordance with a or a respective predefined limit.

Computation of the DC power transmission medium current for the or each designated DC
power transmission medium, the converter current for the or each designated converter,
the converter voltage for the or each designated converter and/or the converter power
error limit for the or each designated converter enables them to be checked to ensure
compliance with a or a respective predefined limit whilst the solver is using the algorithm
to process the plurality of values, thus improving the efficiency and reliability of the solver
in using the algorithm to process the plurality of values to provide computed outputs for
controlling the or each designated converter.

By configuring the solver to compute outputs for controlling the or each designated
converter that results in compliance of the DC power transmission medium current for the
or each designated DC power transmission medium, the converter current for the or each
designated converter, the converter voltage for the or each designated converter and/or
the converter power error for the or each designated converter with a or a respective
predefined limit, the control of power flow in the muiti-terminal DC electrical network can
be further optimised.

The solver may be configured to use the algorithm to process the plurality of values to
thereby sequentially compute at least two of: a DC power transmission medium current for
the or each designated DC power transmission medium; a converter current for the or

4
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each designated converter; a converter voltage for the or each designated converter; a
converter power for the or each designated converter; a converter power error for the or
each designated converter. Configuring the solver in this manner enables the sequentially
computed outputs to be sequentially checked to ensure their compliance with a or a
respective predefined limit whilst the solver is using the algorithm to process the plurality
of values. This has the benefit of saving computation time in comparison to simultaneously
computing and checking at least two of: the DC power transmission medium current for
the or each designated DC power transmission medium; a converter current for the or
each designated converter; a converter voltage for the or each designated converter; a
converter power error for the or each designated converter. This has the effect of further
improving the efficiency and reliability of the solver in using the algorithm to process the

plurality of values.

The solver may be configured to use the algorithm to iteratively process the plurality of
values. Configuring the solver to use the algorithm to iteratively process the plurality of
values to provide computed outputs for controlling the or each designated converter
improves computation of the computed outputs for controlling the or each designated
converter, thereby further optimising control of power flow in the multi-terminal DC

electrical network.

The solver may be configured to use the algorithm to iteratively process the plurality of
values to re-compute the DC power transmission medium current for the or each
designated DC power transmission medium, the converter current for the or each
designated converter, the converter voltage for the or each designated converter and/or
the converter power error for the or each designated converter when the computed DC
power transmission medium current, the computed converter current, the computed
converter voltage and/or the computed converter power error for a prior iteration is not in

accordance with the or the respective predefined limit.

The solver may be configured to use the algorithm to process the plurality of values to
thereby compute a converter power error for the or each designated converter and to stop
the iterative processing of the plurality of values when a difference between computed
converter power errors of successive iterations is at or below a converter power error
difference limit. Configuring the solver in this manner ensures that the iterative processing
of the plurality of values is terminated at a suitable convergence of the computed outputs
for controlling the or each designated converter, and thereby improves the efficiency of the

solver in computing the outputs for controlling the or each designated converter.

5
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As indicated above, the or each first value defines an operating mode of the or each

designated converter. For example, the or each first value may be defined by a value

selected from a group including:

a preliminary converter power order;

a first operating state to configure the designated converter to constantly operate
in a power control mode;

a second operating state to configure the designated converter to operate in a
power control mode and to switch from the power control mode to a DC voltage
control mode after operating at a minimum or maximum DC voltage limit for a
predefined period of time;

a third operating state to configure the designated converter to constantly operate
in a voltage control mode;

a converter droop characteristic, preferably a converter DC voltage-direct current
droop characteristic;

a converter minimum power ramp rate.

The or each first value may be provided to the solver in the form of an operator inputted

value.

As indicated above, the or each second value defines a default electrical characteristic of

the multi-terminal DC electrical network or a computation parameter of the algorithm. For

example, the or each second value may be defined by a value selected from a group

including:

a base voltage value that is a rated voltage of the DC electrical network;

a base current value that is calculated by dividing a rated power of the DC electrical
network by a rated voltage of the DC electrical network;

a base impedance value that is a rated impedance of a DC power transmission
medium;

a maximum number of iterations for processing the plurality of values;

a load reference set point DC voltage;

a converter current rating limit;

a converter voltage rating limit;

a DC power transmission medium current rating limit;
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e an accuracy factor to control the computational accuracy of the algorithm, wherein
the accuracy factor is defined by a converter power error limit or a power error
difference limit;

 an algorithm acceleration factor to control the computational speed of the algorithm
when iteratively processing the plurality of values;

e an optimisation toggle controllable to select whether the plurality of values is to be
processed by the algorithm in accordance with one or more voltage or current
rating limits;

e a DC power transmission medium impedance.

As indicated above, the or each third value defines an electrical measurement
corresponding to a voltage or current in the multi-terminal DC electrical network. For
example, the or each third value may be defined by a value selected from a group
including:

e aconverter voltage,

s a converter current;

e a DC power transmission medium current.

The configuration of the solver according to the invention enables it to take into account a
wide range of operating modes, default electrical characteristics of the multi-terminal DC
electrical network, computation parameters of the algorithm, and electrical measurements
corresponding to a voltage or current in the multi-terminal DC electrical network in order
to compute the no-load DC voltage for each converter. This in turn enables high quality

control of power flow in the multi-terminal DC electrical network.

The controller may be configured to perform an integrity validation of the integrity of the or
each first value. The solver may be further configured to use the algorithm to process the
plurality of values only if the integrity of the or each first value is validated by the integrity
validation, wherein the or each first value has a valid integrity when one or more
prerequisites are met. This ensures that the solver does not waste computation time in

processing one or more first values without a valid integrity.

The or each first value may have a valid integrity when:
« a representative matrix of the multi-terminal DC electrical network is square and

has a non-zero determinant;
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e the first value or at least one of the first values is defined by the second or third
operating state;

o the or each preliminary converter power order for the or each designated converter
is in the range of -1 and +1 per unit; and/or

e an or arespective operating state to configure the or each designated converter is

defined by any of the first, second and third operating states.

It will be understood that a representative matrix of the multi-terminal DC electrical network
can be derived from the number of DC terminals and DC power transmission media in the
multi-terminal DC electrical network. As such the representative matrix is a system
dependent parameter in that its structure changes with the number of DC terminals and

DC power transmission media in the multi-terminal DC electrical network.

According to a second aspect of the invention, there is provided a method of controlling
power flow in a multi-terminal DC electrical network, the multi-terminal DC electrical
network comprising:

a plurality of DC terminals, each DC terminal being operatively connected to at
least one other DC terminal via a respective DC power transmission medium; and

a plurality of converters, each converter being operatively connected to a
respective one of the DC terminals, the plurality of converters including at least one
designated converter;

wherein the method includes the steps of:

(i) using an algorithm to process a plurality of values to thereby compute a no-load
DC voltage for at least one first designated converter as a function of the plurality
of values, the plurality of values including:

at least one first value defining an operating mode of the or each designated
converter,;

at least one second value defining a default electrical characteristic of the
multi-terminal DC electrical network or a computation parameter of the algorithm;
and

at least one third value defining an electrical measurement corresponding
to a voltage or current in the multi-terminal DC electrical network,

(i) operating the or each first designated converter in accordance with the or the
respective computed no-load DC voltage.

A preferred embodiment of the invention will now be described, by way of a non-limiting

example, with reference to the accompanying drawings in which:

8
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Figure 1 shows, in schematic form, a multi-terminal DC electrical network according
to an embodiment of the invention;

Figure 2 shows, in schematic form, a solver forming part of the controller of the
multi-terminal DC electrical network of Figure 1;

Figures 3 and 4 respectively illustrate, in graph form, power control and voltage
control modes of each designated converter of the multi-terminal DC electrical network of
Figure 1; and

Figure 5 illustrates, in flow-chart form, the operation of the solver to compute
outputs for controlling each designated converter of the multi-terminal DC electrical

network of Figure 1.

A multi-terminal DC electrical network 20 according to an embodiment of the invention is

shown in Figure 1.

The multi-terminal DC electrical network 20 comprises a plurality of DC terminals 22. Each
DC terminal 22 is operatively connected to at least one other DC terminal 22 via a

respective DC power transmission line 24.

The multi-terminal DC electrical network 20 further includes a plurality of converters 26.
Each converter 26 is operatively connected to a respective one of the DC terminals 22. In
use, each converter 26 interconnects the corresponding DC terminal 22 to another
electrical network, and is operable to provide power conversion between the electrical
network and the DC terminal 22.

The multi-terminal DC electrical network 20 further includes a controller 28. In the
embodiment shown, the controller 28 is in the form of a combination of a global control unit
and a plurality of local control units (not shown) respectively associated with the plurality
of converters 26. In other embodiments of the invention, it is envisaged that the controller

28 may be in the form of a global control unit.

In the embodiment shown, each converter 26 is a designated converter 26 and each DC
power transmission line 24 is a designated DC power transmission line 24. It will be
appreciated that, in other embodiments of the invention, at least one, but not all, of the
plurality of converters is a designated converter, and/or at least one, but not all, of the

plurality of DC power transmission lines is a designated DC power transmission line.
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The controller 28 includes a solver 30. Figure 2 shows, in schematic form, the solver 30
which is configured to use an algorithm to process a plurality of values to thereby compute
a plurality of outputs for controlling each designated converter 26 as a function of the

plurality of values.

The plurality of values includes a plurality of first values, a plurality of second values and
a plurality of third values.

The controller 28 is preferably configured to include an operator interface such that the
plurality of first values can be inputted into the solver 30 by a human operator using the
operator interface. The plurality of first values define operating modes of each designated
converter 26, and are defined by:

e a preliminary converter power order;

e a first operating state to configure the designated converter 26 to constantly
operate in a power control mode, as shown in Figure 3;

e asecond operating state to configure the designated converter 26 to operate in a
power control mode and to switch from the power control mode to a DC voltage
control mode after operating at a minimum or maximum DC voltage limit
Vdc_min, Vde_max for a predefined period of time;

e a third operating state to configure the designated converter 26 to constantly
operate in a DC voltage control mode;

e aconverter DC voltage-direct current droop characteristic;

e a converter minimum power ramp rate.

The preliminary converter power order is defined as an order for the designated converter
26 to exchange a certain level of active power whilst disregarding power losses in the
plurality of designated converters 26 and the rest of the multi-terminal DC network.

Figure 3 illustrates, in graph form, a power control mode of each designated converter 26.
The power control mode is defined as a mode in which the designated converter 26 is
operated to maintain its local power demands during its operation as an inverter or rectifier.
The designated converter 26 in the power control mode may operate at a minimum or

maximum DC voltage limit Vac_min, Vac_max.

Figure 4 illustrates, in graph form, a voltage control mode of each converter 26 that
includes the converter DC voltage-direct current droop characteristic (as indicated by the

line connecting “b” and “c’, i.e. the line between the minimum and maximum DC voltages

10
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Vc_minsVac_max).  The voltage control mode is defined as a mode in which the designated
converter 26 is operated as a slack converter 26 during its operation as an inverter or
rectifier. This allows balancing of the total load on the muiti-terminal DC electrical network
20 so that the power imported by one or more designated converters 26 acting as a
receiving end converter is equal to the power exported by one or more designated

converters 26 acting as a sending-end converter minus any power losses.

The converter droop characteristic is defined as a steady state operating frame of the
designated converter 26 in terms of Vpc and Ioc, where the droop definition is based on

Vpc/lpc.

The converter minimum power ramp rate is defined as a minimum rate of change of power
for the designated converter 26.

The plurality of second values define default electrical characteristics of the multi-terminal
DC electrical network 20 and computation parameters of the algorithm, and are defined
by:

e abase voltage value, Vbas; that is a rated voltage of the multi-terminal DC electrical
network 20;

e abase current value, lvase that is calculated by dividing a rated power of the multi-
terminal DC electrical network 20 by a rated voltage of the multi-terminal DC
electrical network 20;

e a base impedance value, Zuse that is a rated impedance of a DC power
transmission line 24,

e a maximum number of iterations, iterationmax for processing the plurality of values;

¢ aload reference set point DC voltage, Virsp_inital;

e a converter current rating limit, Ioc_wax;

e a converter voltage rating limit, Voc_max;

e a DC power transmission line current rating limit, lLne_max;

e a plurality of accuracy factors Ao,Az,Ageia 10 control the computational accuracy of
the algorithm;

e a plurality of algorithm acceleration factors dine,Qioc,0voc,00,02 to control the
computational speed of the algorithm when iteratively processing the plurality of
values. Each algorithm acceleration factor is in the range of 0 and 1;

e a plurality of optimisation toggles Opving,Opinc, Opvoc;

e a DC power transmission line impedance Z.

11



10

15

20

25

30

35

WO 2015/107167 PCT/EP2015/050810

The plurality of third values define an electrical measurement corresponding to a voltage
or current in the multi-terminal DC electrical network 20, and are defined by:

e a converter voltage;

e a converter current;

e a DC power transmission line current.

The plurality of outputs for controlling each converter 26 are:
e ano-load DC voltage for each converter 26,
e aconverter power order for each converter 26;
e a power ramp rate order for each converter 26;

e a DC voltage ramp rate order for each converter 26.

The controller 28 is further configured to operate each converter 26 in accordance with the
respective computed plurality of outputs.

Operation of the solver 30 to use the algorithm to compute the plurality of outputs as a
function of the plurality of values is described as follows, with reference to Figure 5.

Once the plurality of first values has been inputted into the solver 30, the controller 28
performs an integrity validation of the integrity of each first value before the solver 30 uses
the algorithm to process the plurality of values to thereby compute the plurality of outputs
as a function of the plurality of values. The solver 30 is further configured to use the
algorithm to process the plurality of values only if the integrity of each first value is validated
by the integrity validation. Therefore, the solver 30 terminates the algorithm and thereby
does not compute the plurality of outputs if the integrity of each first value is not validated
by the integrity validation. At this stage the controller 28 provides a warning message to
the operator so that the operator is aware of the need to input new first values due to the
invalid integrity of the first values.

Each first value has a valid integrity when:
e representative matrices of the multi-terminal DC electrical network 20 are square
and has a non-zero determinant;
e atleast one of the first values is defined by the second or third operating state;
e each preliminary converter power order for each designated converter 26 is in the

range of -1 and +1 per unit; and

12
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e arespective operating state to configure each designated converter 26 is defined

by any of the first, second and third operating states.

When the integrity of the plurality of first values has been validated by the integrity
validation, the solver 30 uses the algorithm to process the plurality of values to thereby
sequentially compute a DC power transmission line current for each designated DC power
transmission line 24, a converter current for each converter 26, a converter voltage for
each designated converter 26 and a converter power for each designated converter 26.
In the embodiment shown, computation of the designated DC power transmission line
current is followed by computation of the converter current for each designated converter
26 followed by the computation of the converter voltage for each designated converter 26

followed by computation of the converter power for each designated converter 26.

Such computation by the solver 30 is performed using a series of matrices in accordance

with the following equations.

The converter DC voltage-direct current droop characteristic of Figure 4 can be expressed
as:

Voe, =md pe, +Vipsp =il

where the subscript / refers to the respective designated converter 26
Voc and Ipc is to the converter voltage and current of the respective designated
converter 26;
m is the gradient of the converter DC voltage-direct current droop characteristic for
the respective designated converter 26;
Virsp is the load reference set point DC voltage for the respective designated
converter 26;

lo is the current order for the respective designated converter 26.
The current order lpis calculated by dividing a preliminary converter power order Py for the
respective designated converter by the respective load reference set point DC voltage

Vrsp.

A no-load DC voltage Vi, which is a DC voltage of the respective designated converter

26 at zero current, can be expressed as:

13
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i

i

Ve = VLRSP,- —m,

i i

VLRSP,.

The voltage drop across each DC power transmission line impedance lune is expressed

as:

Voe, — VDC,H =2

i

The converter current Ipc for each designated converter 26 is found by employing
Kirchhoff's current law in relation to the DC power transmission line current lune in each
DC power transmission line 24.

The DC power transmission line current Iune in each DC power transmission line 24 can

be expressed as:

[]LINE] =4 B[VLRSP ]+ C[}% J
LRSP

where A, B and C are representative matrices of the muiti-terminal DC electrical network
20.

It will be understood that the representative matrices A, B and C of the multi-terminal DC
electrical network 20 can be derived from the number of DC terminals 22 and DC power
transmission lines 24 in the multi-terminal DC electrical network 20. As such the
representative matrices A, B and C are system dependent parameters in that their
respective structures change with the number of DC terminals 22 and DC power
transmission lines 24 in the multi-terminal DC electrical network 20.

The converter power for each designated converter 26 is expressed as:

B

ca.

=Vpe XIpc,

i

After computing the DC power transmission line current lune, the computed DC power

transmission line current Iune is checked against the DC power transmission line current
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rating limit lLne_max. If the computed DC power transmission line current lune exceeds the
DC power transmission line current rating limit lne_wmax, a first iterative correction loop is

triggered.

The first iterative correction loop involves re-computing the DC power transmission line

current lune using a modified Virse, Which is obtained as follows:

—1 LINE_MAX, )

ko kel k
Virse =Virse + O (jl Ly

where k refers to the number of iteration cycles
j refers to the respective DC power transmission line 24.

The first iterative correction loop is repeated until the recomputed DC power transmission
line current lune is equal to or less than the DC power transmission line current rating limit
lune_wax. To speed up the algorithm’s processing of the plurality of values, the algorithm

acceleration factor aine from the plurality of second values can be adjusted accordingly.

After computing the converter current lpc for each designated converter 26, the computed
converter current Ipc for each designated converter 26 is checked against the converter
current rating limit loc_vwax. If the computed converter current Ipc for each designated
converter 26 exceeds the converter current rating limit loc_max, @ second iterative correction

loop is triggered.
The second iterative correction loop involves re-computing the DC power transmission line

current Iune and the converter current Ipc using a modified Virse, Which is obtained as

follows:

“IDC_M,.)

ko 1kl k
VLRSE = VLRSE Tpe '(jl o,

Th second iterative correction loop is repeated until the computed converter current Ipc for
each designated converter 26 is equal to or less than the converter current rating limit
loc_max- To speed up the algorithm’s processing of the plurality of values, the algorithm

acceleration factor aipc from the plurality of second values can be adjusted accordingly.
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After computing the converter voltage Vpc for each designated converter 26, the computed
converter voltage Vpc for each designated converter 26 is checked against the converter
voltage rating limit Voc_max. If the computed converter voltage Voc for each designated
converter 26 exceeds the converter voltage rating limit Voc_max, a third iterative correction

loop is triggered.

The third iterative correction loop involves re-computing the DC power transmission line
current lune, the converter current Ioc and the converter voltage Voc using a modified Virse,

which is obtained as follows:

ko _ kel k
Virse = Virse T Qe '(jV "‘VDC__WX,.)

DC;

The third iterative correction loop is repeated until the computed converter voltage Voc for
each designated converter 26 is equal to or less than the converter voltage rating limit
Voc_max. To speed up the algorithm’s processing of the plurality of values, the algorithm

acceleration factor avoc from the plurality of second values can be adjusted accordingly.

After computing the converter power P, for each designated converter 26, a computed
converter power error AP for each designated converter 26 is checked against a converter
power error limit as defined by an accuracy factor AgA,. The converter power error limit
for each designated converter 26 depends on whether that designated converter 26 is
designated to operate in accordance with the first, second or third operating state. If a
particular designated converter 26 is designated to operate in accordance with the first or
second operating state, the converter power error limit is defined as a first accuracy factor
Az, which is defined as a near-zero value, e.g. 10™"°. If a particular designated converter
26 is designated to operate in accordance with the third operating state, the converter
power error limit is defined as a second accuracy factor Aq, which is defined as a non near-
zero value, e.g. 0.01, which may be dependent on the loss characteristic of the
corresponding DC power transmission line 24. The first and second accuracy factors Az Ao
may be adjusted to permit faster processing of the plurality of values at the expense of
less computational accuracy in terms of correspondence of the computed converter power

Pca with the preliminary converter power order Py for each designated converter 26.

The first accuracy factor A, may be several orders of magnitude smaller than the second
accuracy factor Ao.
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If the computed converter power error AP for the or each designated converter 26
operating in the power control mode exceeds the converter power error limit defined by
the first accuracy factor Az, a fourth iterative correction loop is triggered.

The fourth iterative correction loop involves re-computing the DC power transmission line
current ILne, the converter current Ipc, the converter voltage Vpc and the converter power
Peal using a modified Virsp, Which is obtained as follows:

VLkRSPi = V;:];eslg Ta, (Asz)
The fourth iterative correction loop is repeated until the computed converter power error
AP for the or each designated converter 26 operating in the power control mode is equal
to or less than the converter power error limit defined by the first accuracy factor A,. This
ensures that the computed converter power AP for the or each designated converter 26
operating in the power control mode is substantially equal to the or the respective
preliminary converter power order Po. To speed up the algorithm’s processing of the
plurality of values, the algorithm acceleration factor a; from the plurality of second values
can be adjusted accordingly.

If the computed converter power error AP for the or each designated converter 26
operating in the DC voltage control mode exceeds the converter power error limit defined

- by the second accuracy factor Ay, a fifth iterative correction loop is triggered.

The fifth iterative correction loop involves re-computing the DC power transmission line
current lung, the converter current Ipc, the converter voltage Voc and the converter power
Pca using a modified Virse, which is obtained as follows:

k 17kl k
Virse =Virse 0 (AB )
The fifth iterative correction loop is repeated until the computed converter power error AP
for the or each designated converter 26 operating in the DC voltage control mode is equal
to or less than the converter power error limit defined by the second accuracy factor Ao.
This ensures that the computed converter power AP for the or each designated converter
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26 operating in the DC voltage control mode is substantially equal to the or the respective
preliminary power order Py, after taking into account any power losses. To speed up the
algorithm’s processing of the plurality of values, the algorithm acceleration factor ao from
the plurality of second values can be adjusted accordingly.

Configuring the solver 30 in this manner enables the sequentially computed outputs to be
sequentially checked to ensure their compliance with the respective predefined limit whilst
the solver 30 is using the algorithm to process the plurality of values. This has the benefit
of saving computation time in comparison to simultaneously computing and checking the
DC power transmission line current lune, the converter current Ioc, the converter voltage
Vpe and the converter power error AP. This has the effect of further improving the
efficiency and reliability of the solver 30 in using the algorithm to process the plurality of
values.

Each of the plurality of optimisation toggles Opv.ine,Opinc,Opvoc is controllable by the
operator to select whether or not the plurality of values is to be processed by the algorithm
in accordance with some or none of the DC power transmission line current rating limit
lLne_max, the converter current rating limit Ioc_wax and the converter voltage rating limit
Voc_max. This permits faster processing of the plurality of values at the expense of non-
compliance with some or all of the DC power transmission line current rating limit lung_vax,

the converter current rating limit loc_wax and the converter voltage rating limit Voc_wax.

The solver 30 is further configured to stop the iterative processing of the plurality of values
when a difference between computed converter power errors AP of successive iterations
is at or below a power error difference limit defined by a third accuracy factor Ageta. |f the
difference between computed converter power errors AP of successive iterations is not at
or below a power error difference limit defined by the third accuracy factor Adeta, @ sixth

iterative correction loop is triggered.

The sixth iterative correction loop involves re-computing the DC power transmission line
current lune, the converter current Ipc, the converter voltage Vpc and the converter power
P.a until the difference between computed converter power errors AP of successive
iterations is at or below a power error difference limit defined by the third accuracy factor
DAgelta.

Configuring the solver 30 in this manner ensures that the iterative processing of the
plurality of values is terminated at a suitable convergence of the computed outputs for
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controliing each designated converter 26, and thereby improves the efficiency of the solver
30 in computing the outputs for controlling each designated converter 26. The third
accuracy factor Ageta may be adjusted to permit faster processing of the plurality of values
at the expense of less computational accuracy in terms of better convergence of the

computed outputs for controlling each designated converter 26.

The solver 30 then checks whether the maximum number of iterations iterationmsx has
been reached. Ifthe maximum number of iterations iterationm.x is exceeded, the solver 30
terminates the algorithm and provides a warning message to the operator so that the
operator is aware that the maximum number of iterations iterationmax has been exceeded.
Configuring the solver 30 in this manner prevents the algorithm from iteratively processing
the plurality of values in a continuous manner without producing the computed outputs for
controlling each designated converter 26.

If the maximum number of iterations iterationmax is not exceeded, the controller 28 performs
an output validation check to confirm compliance with the following conditions:

¢ the DC power transmission line current lune is equal to or less than the DC power
transmission line current limit lLne_max;

o the converter current Ipc for each designated converter 26 is equal to or less than
the predefined converter current limit Ioc_wax;

¢ the converter voltage Vpc for each designated converter 26 is equal to or less than
the converter voltage rating limit Vpc_wmax;

¢ the converter power error AP for the or each designated converter 26 operating in
the power control mode is equal to or less than the converter power error limit
defined by the first accuracy factor Az;

« the converter power error AP for the or each designated converter 26 operating in
the DC voltage control mode is equal to or less than the converter power error limit
defined by the second accuracy factor A;

+ the difference between computed converter power errors AP of successive
iterations is at or below a power error difference limit defined by the third accuracy
factor Ageita; and

o the maximum number of iterations jterationmax has not been exceeded.

If one or more of the above conditions is not met, a seventh iterative correction loop is
triggered.

19



10

15

20

25

30

35

WO 2015/107167 PCT/EP2015/050810

The seventh iterative correction loop involves re-computing the DC power transmission
line current lung, the converter current Ipc, the converter voltage Vpc and the converter
power Pc until the output validation check confirms compliance with all of the above
conditions.

The solver 30 then uses the algorithm to process the computed output DC load reference
set point voltage to compute the plurality of outputs for controlling each designated
converter 26, namely the no-load DC voltages V., converter power orders, power ramp
rate orders and DC voltage ramp rate orders for the plurality of designated converters 26.

The solver 30 is configured to use the algorithm to process the plurality of values to thereby
compute power and DC voltage ramp rate orders for each designated converter 26 as a
function of the plurality of values so as to equalise a plurality of power and DC voltage
ramp times for the plurality of designated converters. The power ramp time for each
designated converter 26 is the time taken for that designated converter 26 to attain the
computed converter power. The DC voltage ramp time for each designated converter 26
is the time taken for that designated converter 26 to attain the computed no-load DC
voltage VnL.

Configuration of the solver 30 to equalise the power and DC voltage ramp times for the
plurality of designated converters 26 ensures synchronisation of action of the plurality of
converters 30 in modifying their respective powers to attain the respective converter power
in accordance with the respective converter power order, and their respective DC voltages
Ve to attain the respective converter power in accordance with the respective computed
no-load DC voltage Vn..

The operator interface presents the operator with the computed plurality of outputs, the
computed DC power transmission line currents, the computed converter currents and the
computed converter voltages.

The operator can choose to accept the computed plurality of outputs, or reject the
computed plurality of outputs and input a new preliminary converter power order Pg for
each designated converter 26 into the solver to obtain a new computed plurality of outputs.
When the operator accepts the computed plurality of outputs from the solver 30, the
computed no-load DC voltages Vni, converter power orders, power ramp rate orders and

DC voltage ramp rate orders are despatched to the plurality of local control units to operate
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each designated converter 26 in accordance with the respective no-load DC voltage Vi,
converter power order, power ramp rate order and DC voltage ramp rate order.

The configuration of the solver 30, as shown in Figures 2 and 5, to use the algorithm to
compute the no-load DC voltage Vi, converter power order, power ramp rate order and
DC voltage ramp rate order as a function of the plurality of values, namely the operating
modes of the designated converters 26, default electrical characteristics of the multi-
terminal DC electrical network 20, computation parameters of the algorithm and electrical
measurements corresponding to voltage and currents in the multi-terminal DC electrical
network 20 not only results in a solver 30 that is capable of computing the no-load DC
voltage Vi, converter power order, power ramp rate order and DC voltage ramp rate order
for each designated converter 26 to reliably control power flow in the multi-terminal DC
electrical network 20, but also simplifies computation of the no-load DC voltage Vi,
converter power order, power ramp rate order and DC voltage ramp rate order for each
designated converter 26.

The configuration of the solver 30 thus enables it to take into account a wide range of
operating modes of the designated converters 26, default electrical characteristics of the
multi-terminal DC electrical network 20, computation parameters of the algorithm and
electrical measurements corresponding to voltages and currents in the multi-terminal DC
electrical network 20 in order to compute the no-load DC voltage Vn., converter power
order, power ramp rate order and DC voltage ramp rate order for each designated
converter 26. This in turn enables high quality control of power flow in the multi-terminal
DC electrical network 20.

In addition using the solver 30 enables provision of a no-load DC voltage V., converter
power order, power ramp rate order and DC voltage ramp rate order for each converter 26
to control power flow in the multi-terminal DC electrical network 20 in a way that optimises
power flow and power balance in the multi-terminal DC electrical network 20 for the
plurality of first, second and third values, thus resulting in an efficient and reliable muilti-

terminal DC electrical network 20.

It will be appreciated that the topology of the multi-terminal DC electrical network 20 is
merely chosen to help illustrate the operation of the invention, and that the multi-terminal
DC electrical network 20 may be respectively replaced by another converter with a different

topology and by another multi-terminal DC electrical network 20 with a different topology.
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CLAIMS

1. A multi-terminal DC electrical network comprising:

a plurality of DC terminals, each DC terminal being operatively connected to at
least one other DC terminal via a respective DC power transmission medium;

a plurality of converters, each converter being operatively connected to a
respective one of the DC terminals, the plurality of converters including at least one
designated converter; and

a controller including a solver configured to use an algorithm to process a plurality
of values to thereby compute a no-load DC voltage for at least one first designated
converter as a function of the plurality of values, the plurality of values including:

at least one first value defining an operating mode of the or each designated
converter,

at least one second value defining a default electrical characteristic of the
multi-terminal DC electrical network or a computation parameter of the algorithm;
and

at least one third value defining an electrical measurement corresponding
to a voltage or current in the multi-terminal DC electricai network,

wherein the controller is configured to operate the or each first designated

converter in accordance with the or the respective computed no-load DC voltage.

2. A muiti-terminal DC electrical network according to Claim 1 wherein each of the
plurality of converters is a designated converter, preferably a first designated converter.

3. A multi-terminal DC electrical network according to any preceding claim wherein
the solver is configured to use the algorithm to process the plurality of values to thereby
compute a converter power order for at least one second designated converter as a
function of the plurality of values, and wherein the controller is configured to operate the
or each second designated converter in accordance with the or the respective converter

power order.

4, A multi-terminal DC electrical network according to any preceding claim wherein
the solver is configured to use the algorithm to process the plurality of values to thereby
compute a converter power order, a power ramp rate order and/or a DC voltage ramp rate
order for the or each designated converter as a function of the plurality of values, and

wherein the controller is configured to operate the or each designated converter in
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accordance with the or the respective converter power order, power ramp rate order and/or

DC voltage ramp rate order.

5. A multi-terminal DC electrical network according to Claim 4 wherein the solver is
configured to use the algorithm to process the plurality of values to thereby compute a
power ramp rate order for each of a plurality of designated converters as a function of the
plurality of values so as to equalise a plurality of power ramp times for the piurality of
designated converters, the power ramp time for each of the plurality of designated
converters being the time taken for that designated converter to attain a predefined

converter power.

6. A multi-terminal DC electrical network according to Claim 4 or Claim 5 wherein the
solver is configured to use the algorithm to process the plurality of values to thereby
compute a DC voltage ramp rate order for each of a plurality of designated converters as
a function of the plurality of values so as to equalise a plurality of DC voltage ramp times
for the plurality of designated converters, the DC voltage ramp time for each of the plurality
of designated converters being the time taken for that designated converter to attain a

predefined DC converter voltage.

7. A multi-terminal DC electrical network according to any preceding claim wherein
the solver is configured to use the algorithm to process the plurality of values to thereby
compute a DC power transmission medium current for at least one designated DC power
transmission medium, a converter current for the or each designated converter, a
converter voltage for the or each designated converter, a converter power for the or each

designated converter and/or a converter power error for the or each designated converter.

8. A multi-terminal DC electrical network according to Claim 7 wherein the solver is
configured to use the algorithm to process the plurality of values to thereby compute a DC
power transmission medium current for the or each designated DC power transmission
medium, a converter current for the or each designated converter, a converter voltage for
the or each designated converter and/or a converter power error for the or each designated

converter in accordance with a or a respective predefined limit.

9. A multi-terminal DC electrical network according to Claim 7 or Claim 8 wherein the
solver is configured to use the algorithm to process the plurality of values to thereby
sequentially compute at least two of: a DC power transmission medium current for the or

each designated DC power transmission medium; a converter current for the or each
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designated converter; a converter voltage for the or each designated converter; a
converter power for the or each designated converter; a converter power error for the or

each designated converter.

10. A multi-terminal DC electrical network according to any preceding claim wherein
the solver is configured to use the algorithm to iteratively process the plurality of values.

11. A multiterminal DC electrical network according to Claim 10 when dependent from
Claim 8 wherein the solver is configured to use the algorithm to iteratively process the
plurality of values to re-compute the DC power transmission medium current for the or
each designated DC power transmission medium, the converter current for the or each
designated converter, the converter voltage for the or each designated converter and/or
the converter power error for the or each designated converter when the computed DC
power transmission medium current, the computed converter current, the computed
converter voltage and/or the computed converter power error for a prior iteration is not in
accordance with the or the respective predefined limit.

12. A multi-terminal DC electrical network according to Claim 10 or Claim 11 wherein
the solver is configured to use the algorithm to iteratively process the plurality of values to
thereby compute a converter power error for the or each designated converter and to stop
the iterative processing of the plurality of values when a difference between computed
converter power errors of successive iterations is at or below a converter power error
difference limit.

13. A multi-terminal DC electrical network according to any preceding claim wherein
the or each first value is defined by a value selected from a group including:

¢ a preliminary converter power order,

e a first operating state to configure the designated converter to constantly operate
in a power control mode;

e a second operating state to configure the designated converter to operate in a
power control mode and to switch from the power control mode to a DC voltage
control mode after operating at a minimum or maximum DC voltage limit for a
predefined period of time;

e a third operating state to configure the designated converter to constantly operate
in a DC voltage control mode;

e a converter droop characteristic, preferably a converter DC voltage-direct current
droop characteristic;
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14.

a converter minimum power ramp rate.

A multi-terminal DC electrical network according to any preceding claim wherein

the or each second value is defined by a value selected from a group including:

15.

a base voltage value that is a rated voltage of the DC electrical network;

a base current value that is calculated by dividing a rated power of the DC electrical
network by a rated voltage of the DC electrical network;

a base impedance value that is a rated impedance of the DC electrical network;

a maximum number of iterations for processing the plurality of values;

a load reference set point DC voltage;

a converter current rating limit;

a converter voltage rating limit;

a DC power transmission medium current rating limit;

an accuracy factor to control the computational accuracy of the algorithm, wherein
the accuracy factor is defined by a converter power error limit or a power error
difference limit;

an algorithm acceleration factor to control the computational speed of the algorithm
when iteratively processing the plurality of values;

an optimisation toggle controliable to select whether or not the plurality of values is
to be processed by the algorithm in accordance with one or more voltage or current
rating limits;

a DC power transmission medium impedance.

A multi-terminal DC electrical network according to any preceding claim wherein

the or each third value is defined by a value selected from a group including:

16.

a converter voltage;
a converter current;

a DC power transmission medium current.

A multi-terminal DC electrical network according to any preceding claim wherein

the controller is configured to perform an integrity validation of the integrity of the or each

first value, and the solver is further configured to use the algorithm to process the plurality

of values only if the integrity of the or each first value is validated by the integrity validation,

wherein the or each first value has a valid integrity when one or more prerequisites are

met.
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17. A multi-terminal DC electrical network according to Claim 16 when dependent from
Claim 13 wherein the or each first value has a valid integrity when:
e a representative matrix of the multi-terminal DC electrical network is square and
has a non-zero determinant;
e the first value or at least one of the first values is defined by the second or third
operating state,
e the or each preliminary converter power order for the or each designated converter
is in the range of -1 and +1 per unit; and/or
e an or a respective operating state to configure the or each designated converter is
defined by any of the first, second and third operating states.

18. A method of controlling power flow in a multi-terminal DC electrical network, the

multi-terminal DC electrical network comprising:

a plurality of DC terminals, each DC terminal being operatively connected to at
least one other DC terminal via a respective DC power transmission medium; and

a plurality of converters, each converter being operatively connected to a
respective one of the DC terminals, the plurality of converters including at least one
designated converter;

wherein the method includes the steps of:

(i) using an algorithm to process a plurality of values to thereby compute a no-load
DC voltage for at least one first designated converter as a function of the plurality
of values, the plurality of values including:

at least one first value defining an operating mode of the or each designated
converter,

at least one second value defining a default electrical characteristic of the
multi-terminal DC electrical network or a computation parameter of the algorithm;
and

at least one third value defining an electrical measurement corresponding
to a voltage or current in the multi-terminal DC electrical network,

(i) operating the or each first designated converter in accordance with the or the
respective computed no-load DC voltage.
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