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dynamic droop control device (26) including first and second droop controllers (30, 32) in which the droop rate of the second droop
controller (32) Is greater than the droop rate of the first droop controller (30). The converter control arrangement (18, 48) comprises
a voltage regulator (20) for regulating the output voltage of the dc source power converter (16) by comparing an output voltage

value (V) with a target voltage value (Vtgt) derived by combining a reference voltage value (V_ V" ;) and a droop voltage value
(V) provided by the dynamic droop control device (26). The first droop controller (30) controls the droop voltage value (V) when
an output current value (I_ .) of the dc source power converter (16) Is less than a reference current value (|l ). The second droop
controller (32) controls the droop voltage value (V ;) when the output current value (I _ .) Is greater than the reference current value
(I.»). The reference current value (I ) Is the desired output current value (I, ,) of the dc source power converter (16) and defines, In

combination with the reference voltage value (V_.. V" ), a target operating point (36).
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(57) Abstract: A converter control arrangement (18, 48) for regulating the output voltage of a dc source power converter (16) con-
necting an ac system (6) to a HVDC system to enable dc electrical power to be supplied from the ac system (6) to the HVDC system
comprises a dynamic droop control device (26) including first and second droop controllers (30, 32) in which the droop rate of the

second droop controller (32) 1s g

reater than the droop rate of the first droop controller (30). The converter control arrangement (18,

48) comprises a voltage regulator (20) for regulating the output voltage of the dc source power converter (16) by comparing an out -
put voltage value (V.u) with a target voltage value (Vi) derived by combining a reference voltage value (Vwr; V'er) and a droop
voltage value (Vg4) provided by the dynamic droop control device (26). The first droop controller (30) controls the droop voltage
value (V&) when an output current value (I.w) of the dc source power converter (16) is less than a reference current value (I.r). The
second droop controller (32) controls the droop voltage value (V &) when the output current value (L) 1s greater than the reference
current value (I.f). The reference current value (L) 1s the desired output current value (I.w) of the dc source power converter (16)
and detines, in combination with the reference voltage value (V.er; V'), @ target operating point (36).
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CONTROL ARRANGEMENT AND METHOD FOR REGULATING THE OUTPUT
VOLTAGE OF A DC SOURCE POWER CONVERTER CONNECTED TO A
MULTI-SOURCE DC SYSTEM

TECHNICAL FIELD

Embodiments of the present invention relate generally to a converter control

arrangement for regulating the output voltage of a dc source power converter
connecting an ac system to a multi-source dc system and/or to a method for regulating
the output voltage of a dc source power converter connecting an ac system to a multi-
source dc system. Embodiments of the present invention are particularly, but not
exclusively, suitable for regulating the output voltage of a dc source power converter
connecting an ac system, such as an ac electrical power generator, to a multi-source
dc system, such as a high-voltage direct current (HVDC) power transmission
network to which a plurality of individual ac electrical power generators are
connected 1n parallel. Each ac electrical power generator may be associated with a
renewable-energy turbine such as a wind turbine, to enable the generated electrical

power to be supplied to, and transmitted via, the HVDC power transmission network .

TECHNICAL BACKGROUND

The use of renewable energy sources to generate electricity for the power network 1s
becoming increasingly common in many countries. It is possible to convert renewable
energy such as wind, wave, tidal energy or water current flows into electrical energy
by using a turbine to drive the rotor of an alternating current (ac) electrical power
generator, either directly or by means of a gearbox. The ac frequency that is
developed at the stator terminals of the generator is directly proportional to the speed
of rotation of the rotor. The voltage at the generator terminals also varies as a

function of speed and, depending on the particular type of generator, on the flux level.

In some circumstances, it can be advantageous to transmit electrical power generated
30 by a renewable energy turbine via a high-voltage direct current (HVDC) power
transmission network, as opposed to a more conventional ac power transmission

network. A dc source power converter in the form of a generator bridge and operating
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as an active rectifier connects the ac electrical power generator of the renewable
energy turbine to the HVDC power transmission network. The renewable energy
turbine and its associated ac electrical power generator and dc source power converter
thus operate together as an individual dc source supplying dc electrical power to the
HVDC power transmission network. It will be understood that a large number of such
dc sources are typically connected in parallel to the HVDC power transmission
network to supply the required amount of dc electrical power to the network and

ensure stable network operation.

The individual dc sources can operate under voltage control regulation to supply

electrical power at a target or reference voltage value Vi to the HVDC power
transmission network and/or under current control regulation to supply electrical
power at a target or reference current value Ir to the HVDC power transmission
network, with a combination of voltage control regulation and current control
regulation being more advantageous. During fault conditions, either in the HVDC
power transmission network or in one or more of the parallel-connected dc sources,
the output voltage at the converter terminals of one or more of the individual dc
source power converters or the output current supplied by one or more of the
individual dc source power converters can increase to levels that cannot be tolerated
by the dc system. This can cause conflicts in the electrical power generated by the

multiple parallel-connected dc sources.

There is, therefore, a need for a converter control arrangement and associated control
methodology for a dc source power converter which can prevent conflicts 1n the

electrical power generated by multiple dc sources operating in parallel, for example as

a result of being parallel-connected to a dc system such as a HVDC power
transmission network. More particularly, there 1s a need for a converter control
arrangement and associated control methodology which is capable of providing
rehiable and effective regulation of the output voltage of a dc source power converter
to minimise damage, either arising from excessive output voltage at the converter

terminals or from excessive output current, especially during fault conditions.



CA 02826330 2016-12-02

267428

10

15

20

25

30

US 2008/122412 A1l describes with reference to Figure 4 a voltage regulator,
specifically intended for a high-performance integrated circuit such as a
microprocessor, which has a loadline with two different loadline resistances (i.e.
droop rates). The voltage regulator controls the processor voltage so that 1ts operating
point 1s on a light loadline, with a lower loadline resistance, when the measured
current 1s below a lower processor current level (IccLo) and so that 1ts operating point
1s on a heavy loadline, with a higher loadline resistance, when the measured current 1s
above the lower processor current level (IccLo). The operating point of the processor

1s not pre-defined by the voltage regulator and instead moves along the two fixed

loadlines illustrated in Figure 4 according to the load level (1.e. the measured current).

SUMMARY OF THE INVENTION
According to an embodiment of the present invention, there i1s provided a converter
control arrangement for regulating the output voltage of a dc source power converter,
the converter control arrangement comprising: -

a dynamic droop control device including first and second droop controllers
each having an associated droop rate, the droop rate of the second droop controller
being greater than the droop rate of the first droop controller:;

a voltage regulator for regulating the output voltage of the dc source power

converter by comparing an output voltage value (Vo) of the power converter with a

target voitage value (Viy), the target voltage value (Vi) being dertved by combining
a reference voltage value (Vir; V'ier) and a droop voltage value (Vg,) provided by the
dynamic droop control device, wherein:

the first droop controller 1s operable to control the droop voltage value (Vg,)
provided by the dynamic droop control device when an output current value (Ioy) of
the dc source power converter 1s less than a reference current value (lr) and the
second droop controller 1s operable to control the droop voltage value (Vg ) provided
by the dynamic droop control device when the output current value (Ioy) of the dc

source power converter 1s greater than the reference current value (I,¢y).

Embodiments of the present invention provide an electrical arrangement for electrical

power generation comprising at least two dc sources connected in parallel to a dc
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system and each having a dc source power converter, at least one of the dc source
power converters including a converter control arrangement according to an
embodiment of the present invention. Typically, each of the dc source power
converters includes a converter control arrangement according to an embodiment of

the present invention.

According to an embodiment of the present invention, there 1s provided a method for
regulating the output voltage of a dc source power converter including a converter
control arrangement comprising a dynamic droop control device including first and
second droop controllers each having an associated droop rate, the droop rate of the
second droop controller being greater than the droop rate of the first droop

controller, the method comprising:-
comparing an output voltage value (Vo) of the dc source power converter

with a target voltage value (Vq) to enable regulation of the output voltage of the
power converter, the target voltage value (Vi) being derived by combining a reference
voltage value (Vs ; V'¢r) and a droop voltage value (V 4,) provided by the dynamic
droop control device; and

comparing an output current value (I,,) of the dc source power converter with
a reference current value (I,cr), wherein:

the droop voltage value (V 4 ) provided by the dynamic droop control device 1s
controlled by the first droop controller when the output current value (I,,) 1s less than
the reference current value (If) and the droop voltage value (Vg,) provided by the
dynamic droop control device 1s controlled by the second droop controller when the

output current value (I,,) is greater than the reference current value (I.f).

The reference current value (Ir) 1s the desired output current value (lyy) of the dc
source power converter and defines, in combination with the reference voltage value

(Vier; V'), a target operating point.

The converter control arrangement and method according to embodiments of the
present invention enable the output voltage of a dc source power converter to be regulated

ettectively, particularly during fault conditions, based on a combination of voltage
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control regulation and current control regulation, the latter being achieved through a

comparison of the output current value (I,) of the dc source power converter with the

reference current value (Iep).

The dynamic droop control device is operative only when the when the measured
output current value (Iyy) differs from the desired reference current value (o), 1n
other words when the measured load current differs from the target load current.
Accordingly, the droop characteristic provided by the dynamic droop control device
has an effect only during dynamic operating conditions (1.e. when the output current
value (I, ) differs from the reference current value (l,s) and, hence, when the dc
source power converter operates away from the target operating point as determined
by the reference current value (I,cr) and the reference voltage value (Vyer ; V"er)) but
not during steady-state operating conditions (1.e. when the output current value (Ioy) 18
equal to the reference current value (Ir) and, hence, when the dc source power
converter operates at the target operating point as determined by the reference current

value (Ier) and the reference voltage value (Vier; V'ier)).

In practice the load condition in a dc system is constantly changing which means that
the output current value (I,y) may not always be equal to the pre-defined desired
reference current value (I.r). Embodiments of the present invention introduce a

dynamic droop characteristic only when the output current value (I, ) differs from the

reference current value (Ir), based on the difference between the measured output
current value (Iyy) and the reference current value (Ier). In these circumstances, the
operating point moves away from the target operating point along a dynamic droop
line provided by the first or second droop controller. When operating under such
dynamic conditions, the converter control arrangement regulates the output voltage of

the dc source power converter to restore the operating point to the target operating

point.

In particular, when the output current value (Ioy) 1s less than the desired reference
current value (Ic¢), which normally occurs when the output voltage value (Vou) of the

dc source power converter 1s greater than the reference voltage value, the first droop
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controller, with 1ts lower droop rate, operates to minimise the rise in the output
voltage value (V) at the converter terminals of the dc source power converter. The
lower droop rate of the first droop controller thus provides a near constant voltage
control characteristic. On the other hand, when the output current value (Ioy) 1S greater
than the desired reference current value (lr), which normally occurs when the output
voltage value (V) of the dc source power converter 1s less than the reference voltage
value, the second droop controller, with 1ts higher droop rate, operates to minimise the
rise in the output current value (lyy). The higher droop rate of the second droop

controller thus provides a near constant current control characteristic.

The near constant voltage control characteristic provided by the first droop controller
and the near constant current control characteristic provided by the second droop

controller are particularly suitable for HVDC system control.

The dc source power converter normally connects an ac system to a dc system to
enable dc electrical power to be supplied to the dc system. The ac system and
associated dc source power converter together form an individual dc source. The ac
system typically comprises an ac electrical power generator, for example associated
with a renewable energy turbine. In such circumstances, the dc system normally
comprises a HVDC system such as a HVDC electrical power transmission network.

As indicated above, a plurality of individual dc sources are normally connected in
parallel to a dc system such as a HVDC electrical power transmission network to

form an electrical arrangement according to an embodiment of the present invention.

T'he voltage regulator may include a voltage comparator for comparing the output

voltage value (Vy,) of the dc source power converter with the target voltage value
(Vi) and may include a voltage controller for controlling the operation of the dc
source power converter in order to regulate the output voltage value (Vgy) to achieve
the desired output voltage value (Vg,), namely a value consistent with the target
voltage value (V). The voltage controller typically outputs a control signal (Ctr _out)

to control the operation of the dc source power converter.
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The converter control arrangement may include a voltage summer for summing the
reference voltage value (Ver ; V'er) and the droop voltage value (Vg:) to thereby
derive the target voltage value (Viy). The reference voltage value (Vier ; V'er) 18
generally the value desired for the target voltage value (Vig), and therefore the output
voltage value (Vyy) of the dc source power converter, when the output current value
(Iow) of the dc source power converter 1s equal to the desired reference current value
(I..r). As indicated above, the reference current value (l.r) and the reference voltage
value (Vier ; V') together define the target operating point of the dc source power

converter.

The first and second droop controllers may have fixed droop rates. As indicated
above, the droop rate of the second droop controller 1s greater than the droop rate of
the first droop controlier. Generally, the droop rates are selected to provide an
appropriate level of sensitivity for efficient operation of the converter control

arrangement.

The dynamic droop control device may include a current comparator for comparing
the output current value (I,y) of the dc source power converter with the reference
current value (l,ef) to generate a current error value signal (I.;) for the first and second

droop controllers.

In some embodiments, the converter control arrangement may include a summer
which 1s operable to sum the reference voltage value (Vi) and a system droop
characteristic to provide a modified reterence voltage value (V") for combination
with the droop voltage value (V). The target voltage value (Vi) 1s derived in such

embodiments by combining the modified reference voltage value (V") with the

droop voltage value (Vg,) provided by the dynamic droop control device.

The dynamic droop control device may include a third droop controller which 1s
operable to generate the system droop characteristic, normally as a function of the
reference current value (Ier). The third droop controller typically has a fixed droop

rate which contributes to the determination of the system droop characteristic.
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The modified reference voltage value (V".r), which 1s derived based on the system
droop characteristic generated by the third droop controller and which has a larger
magnitude than the dc system voltage value (V.), compensates for voltage drop
within the power transmission line that normally connects the dc source power
converter to the dc system, which may be a HVDC power transmission network. Such
voltage drop typically occurs due to electrical resistance within the power

transmission line.

The operation of the dc source power converter 1s normally adjusted as part of the
control method according to an embodiment of the present invention in order to

enable regulation of the output voltage value (Vqy), namely to a value consistent with

the target voltage value (Vg).

The control method may comprise comparing the output current value (Ioy) of the dc
source power converter with the reterence current value (l,or) to generate a current

error value signal (I.) for the first and second droop controllers.

The control method may comprise multiplying the current error value signal (Ie;y) by
the first and second droop rates of each of the first and second droop controllers to
provide respective first and second droop voltage signals. The method may comprise
detecting which one of the first and second droop voltage signals has the minimum
value and setting the droop voltage value (Vgr) to be equal to satd minimum value.
The first droop voltage signal always has the minimum value when the output current
value (I,y) 18 less than the reference current value (lf) such that the droop voltage
value (V) provided by the dynamic droop control device 1s controlied by the first
droop controller. The second droop voltage signal always has the minimum value
when the output current value (Ioy) 1s greater than the reference current value (L)

such that the droop voltage value (Vgq,) provided by the dynamic droop control device

1s controlled by the second droop controller.
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Alternative embodiments of the control method may comprise multiplying the current
error value signal (Ie,) by the droop rate of only the appropriate one of the first and
second droop controllers depending on whether the current error value signal (Ien) 18
positive or negative. In particular, when the current error value signal (I¢) 1S positive,
indicating that the output current value (Ioy) 1s less than the reference current value
(Ir), the current error value signal (I;) may be multiplied by the droop rate of the
first droop controller to ensure that the droop voltage value (Va) provided by the
dynamic droop control device is controlled by the first droop controller. On the other
hand, when the current error value signal (l.,) is negative, indicating that the output
current value (Ioy) is greater than the reference current value (ler), the current error
value signal (le;) may be multiplied by the higher droop rate of the second droop
controller to ensure that the droop voltage value (Vg4 ) provided by the dynamic droop

control device is controlled by the second droop controller.

The step of combining the reference voltage value and the droop voltage value (Var)

typically comprises summing the respective voltage values.

In some embodiments, the control method may comprise combining the reference
voltage value (Vyer) with a system droop characteristic to provide a modified reterence
voltage value (V'"er) for combination with the droop voltage value (Vqr) to enable
derivation of the target voltage value (Viy). The step of combining the reference
voltage value (V) with the system droop characteristic may comprise summing the
reference voltage value (Vi) and the system droop characteristic. The system droop
characteristic is typically a function of both the reference current value (l.r) and a

droop rate determined by a third droop controller.

DRAWINGS

Figure 1A is a schematic illustration of one of a plurality of dc sources connected in
parallel to a dc system and including a dc source power converter,

Figure 1B is a schematic illustration of one of a plurality of ac electrical power
generators connected in parallel to a HVDC power transmission network and

including a dc source power converter;
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Figure 2 is a schematic illustration of a converter control arrangement according to a
first embodiment of the present invention which 1s suitable for controlling the dc
source power converter of Figures 1A and 1B;

Figure 3 1s a graphic representation of voltage against electrical current for a dc
source power converter controlled by the converter control arrangement of Figure 2;
Figure 4 1s a schematic illustration of a converter control arrangement according to a
second embodiment of the present invention which 1s suitable for controlling the dc
source power converter of Figures 1A and 1B; and

Figure 5 1s a graphic representation of voltage against electrical current for a dc

source power converter controlled by the converter control arrangement of Figure 4.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

Embodiments of the present invention will now be described by way of example

only and with reference to the accompanying drawings.

Figure 1A 1llustrates an electrical arrangement comprising an ac system 6 connected to
a dc system 8. The ac system 6 is connected to the dc system 8 by a step-up voltage
transformer 14 and a dc source power converter 16 operating as an active rectifier. The
ac system O, step-up transformer 14 and dc source power converter 16 operate

collectively as a dc source which supplies dc electrical power to the dc system.

Referring now to Figure 1B, in one implementation of the electrical arrangement, the
ac system comprises an alternating current (ac) electrical power generator 10 which 1s
driven by a wind turbine 12 and the dc system 8 comprises a high-voltage direct
current (HVDC) power transmission network. In this particular electrical arrangement,
the dc source thus consists of the ac electrical power generator 10 and 1ts associated
wind turbine 12, the step-up transformer 14 and the dc source power converter 16
which operates as a generator bridge. It will be appreciated that a typical wind farm
comprises a large number of such dc sources and these are normally connected in

parallel to the HVDC network.
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As discussed earlier in this specification, conflicts in the electrical power generated by
parallel-connected dc sources can occur, for example during fault conditions. In order
to reduce the potentially damaging effects that can arise as a result of such conflicts,
embodiments of the present invention provide a converter control arrangement 18, 43
which can be used to regulate the output voltage of a dc source power converter such
as the dc source power converters 16 that form part of the electrical arrangements
described above with reference to Figures 1a and 1b. When a plurality of dc sources,
each comprising a dc source power converter 16, are connected in parallel, 1t 1s
feasible that only one of the dc source power converters 16 may include a converter
control arrangement 18, 48 in accordance with embodiments of the present invention
to regulate 1ts output voltage. Typically, however, the dc source power converter 10 of
each dc source includes a converter control arrangement 18, 48 in accordance with

embodiments of the present invention to regulate 1ts output voltage.

A schematic 1llustration of a converter control arrangement 18 according to one
embodiment of the present invention is illustrated 1n Figure 2. The converter control
arrangement 18 comprises a voltage regulator 20 which includes a voltage comparator
22 and a voltage controller 24. The voltage comparator 22 subtracts a measured
output voltage value V,, of the dc source power converter 16 from a desired target
voltage value V. If there 1s any deviation or error between these two voltage values
in the form of a voltage error value signal Ve, this voltage error value signal V¢ 18
input into the voltage controller 24. The voltage controller 24 then outputs a control
signal Ctr out to actively control the operation of the dc source power converter 16 in
order to regulate the output voltage value Vg, so that it is consistent with the target

voltage value V.

The converter control arrangement 18 includes a dynamic droop control device 20
which provides a droop voltage value Vy, and a voltage summer 28 which sums the
droop voltage value Vg, and a reference voltage value V. which 1s the desired output
voltage value V,, from the dc source power converter 16 when the output current
value Iy 15 equal to the desired reference current value I It will, therefore, be

appreciated that the target voltage value Vi 1s derived by summing together, at the
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voltage summer 28, the reference voltage value Vi and the droop voltage value Vg,

provided by the dynamic droop control device 26.

The dynamic droop control device 26 includes first and second droop controllers 30,
32. Each droop controller 30, 32 has a fixed droop rate and the droop rate of the
second droop controller 32 1s greater than the droop rate of the first droop controller
30. The dynamic droop control device 26 includes a current comparator 34 which
subtracts a measured output current value I, of the dc source power converter 16
from a desired reference current value I..¢ which is representative of the desired output

current of the dc source power converter 16. The output of the current comparator 34,

resulting from this subtraction, 1s a current error value signal I,

In accordance with the present invention, the droop voltage value Vg, 1s controlled by
the first droop controller 30, with 1ts lower droop rate, when the measured output
current value I, 1s less than the desired reference current value I, in other words
when the current error value signal I, 1s positive. On the other hand, when the
measured output current value I, 1S greater than the desired reference current value
Ler, tn other words when the current error value signal I.; 1s negative, the droop
voltage value Vy, is controlled by the second droop controller 32 with 1ts higher droop
rate. The significance of the ‘dual control’ that i1s provided by the dynamic droop
control device 26, dependent upon the result of the comparison of the measured
output current value I,; of the dc source power converter 16 with the desired
reference current value Ir 1n the current comparator 34, will now be explained with
reference to Figure 3 which 1s a plot of voltage against electrical current for the dc
source power converter 16 controlled by the converter control arrangement 18

illustrated in Figure 2.

When the dc source power converter 16 1s operating normally and not experiencing a
fault condition (i.e. steady-state operation), it will be understood that the measured
output current value Iy, will normally be equal to the reference current value I In
these circumstances, the comparison of the output current value I, with the reference

current value I that 1s carried out by the current comparator 34 will yield a zero
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error, tn other words the current error value signal 1., will be zero. Accordingly, since
there will be no input to the first and second droop controllers 30, 32, the droop
voltage value Vg, will also be zero such that the target voltage value Vg provided to
the voltage comparator 22 will be equal to the reference voltage value V. Assuming
that the voltage controller 24 1s adequately regulating the output voltage value Vg, of
the dc source power converter 16 so that it 1s consistent with the target voltage value
Vig (and hence the reference voltage value Vi), the dc source power converter 16
will operate normally, at the predefined target operating point 36 shown in Figure 3. It
will, thus, be understood that the reference current value I..r and the retference voltage
value V¢ together define the target operating point 36 of the dc source power

converter 10.

When the dc source power converter 16 experiences dynamic operation, which may
be due to a fault condition, the measured output current value I, will not normally be
equal to the reference current value I.r. The measured output current value I, may be
oreater than or less than the reference current value I, for example depending on the
nature of the fault condition. In these circumstances, the comparison of the output
current value I, with the reference current value I, that 1s carried out by the current
comparator 34 will yield a non-zero error such that a positive or negative current error
value signal I., 18 supplied to the first and second droop controllers 30, 32.
Accordingly, the reference voltage value V¢ 1S combined at the voltage summer 28
with the droop voltage value Vg, to provide the desired target \?o]tage value Vi for

the dc source power converter 10.

In the illustrated embodiment of the converter control arrangement 18, the current
error value signal I, as determined by the current comparator 34, is input into the
first and second droop controllers 30, 32 and multiplied by the respective droop rates
to provide first and second droop voltage signals. The dynamic droop control device
26 includes a control block 38 which determines which of the first and second droop
voltage signals has the minimum value and then sets the droop voltage value Vg, to be

equal to the droop voltage signal having the minimum value.
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When the measured output current value I, of the dc source power converter 10 13
less than the desired reference current value I, which may for example indicate that
part of the electrical power supplied by the dc source power converter 16 1s being
rejected, the resultant current error value signal I.,, as determined by the current
comparator 34, will be positive. In these circumstances, the minimum droop voltage
sienal will always be the first droop voltage signal that 1s provided by the first droop
controller 30. This ensures that the droop voltage value Vg, 1s controlled by the first
droop controller 30 when the output current value oy 15 less than the reference current

value I r.

When the measured output current value Iy of the dc source power converter 10 18
oreater than the desired reference current value I, the resultant current error value
signal I, as determined by the current comparator 34, will be negative. In these
circumstances, the minimum droop voltage signal will always be the second droop
voltage signal that is provided by the second droop controller 32. This ensures that the
droop voltage value Vg, 18 controlled by the second droop controller 32 when the

output current value I,y 1s greater than the reference current value I

The effect on the target voltage value Vg, as a result of modification of the reference
voltage value Vi by the droop voltage value Vy, at the voltage summer 28, can be
clearly seen in Figure 3. When the output current value I, 1s less than the reference
current value I, the target voltage value is on slope (1.e. droop line) 40, with i1ts
lower droop rate DDr 1, above the operating point 36. The rise in the output voltage
value Vg at the converter terminals of the dc source power converter 16 1s, thus,
limited to an acceptable level as the output current value I, decreases. Conversely,
when the output current value I, 1s greater than the reference current value I, the
target voltage value is on slope (1.e. droop line) 42, with 1ts higher droop rate DDr 2,
below the operating point 36. Accordingly, the rise in the output current value Loy 18
limited to an acceptable level in circumstances where the output voltage value Vg of

the dc source power converter 16 is less than the reference voltage value V.
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The droop rates of the first and second droop controllers 30, 32 are selected to provide
the dynamic droop control device 26 with an appropriate level of sensitivity for
controlling the converter control arrangement 18 and, hence, the dc source power
converter 16. It will be appreciated that the droop rate of the second droop controlier
32 in particular needs to be sufficiently high that the rise in the output current value
Iwt 18 minimised 1n circumstances where the output voltage value V,, falls below the
reference voltage value Vs The steady state system fault current can, thus, be

minimised so that 1t 1s close to the reference current value I

Referring now to Figure 4, there i1s shown a schematic illustration of a converter
control arrangement 48 according to an embodiment of the present invention
which can be used to regulate the output voltage of a dc source power converter such

as the dc source power converters 16 that form part of the electrical arrangements

described above with reference to Figures la and 1b. The converter control

arrangement 48 of Figure 4 1s stmilar to the arrangement illustrated 1in Figure 2, and

corresponding reference numerals and notation will, therefore, be used to identify

corresponding features.

In addition to the first and second droop controllers 30, 32, the dynamic droop control
device 26 includes a third droop controller 44 having a fixed droop rate. The third

droop controller 44 generates a system droop characteristic which 1s a function of the

reference current value l.r. More particularly, the reference current value I 1S
multiplied by the fixed droop rate of the third droop controller 44 to provide the
system droop characteristic. The converter control arrangement 48 includes a summer

46 at which the reference voltage value V. 1s moditied, and more specifically
increased, by the system droop charactenistic to provide a modified reference voltage
value V"¢ It 1s this modified reference voltage value V'"r that 1s provided to the
voltage summer 28 such that, in this embodiment, the target voltage value Vi 1s
derived based on the combination of the modified reference voltage value V"¢ with
the droop voltage value Vg (which may, of course, be equal to zero, tor example

under non-fault conditions, when the measured output current value I,y 1s equal to the

reference current value I.p).
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It will be appreciated that the modified reference voltage value V", which 1s dertved
from the system droop characteristic generated by the third droop controller 44,
compensates for dc system regulation and is greater than the dc system voltage value
Vs, as 1s clearly shown in Figure 5. The larger magnitude of the moditfied reference
voltage value V"¢ than the dc system voltage value V. advantageously compensates
for voltage drop in the power transmission line connecting the dc source power
converter 16 to the HVDC power transmission network. The dc system voltage Vs I8
determined by a power converter operating as an active inverter (i.e. a network
bridge) and forming part of the HVDC power transmission network or other dc
system 8. The droop rate of the third droop controller 44 normally corresponds to the

droop rate of the active inverter, as shown in Figure 5.

In all other respects, the operation of the converter control arrangement 48 described
and 1illustrated with reference to Figures 4 and 5 i1s the same as the operation of the
converter control arrangement 18 described and illustrated above with reference to

Figures 2 and 3.

Although embodiments of the invention have been described in the preceding
paragraphs, 1t should be understood that various modifications may be made to those

embodiments without departing from the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A converter control arrangement for regulating the output voltage of
a dc source power converter, the converter control arrangement comprising:

a dynamic droop control device comprising a first droop controller and a
second droop controller, each ot the first droop controller and the second droop
controller comprising an associated droop rate, the associated droop rate of the second
droop controller being greater than the associated droop rate of the first droop
controller;

a voltage regulator configured to regulate the output voltage of the dc source
power converter based on a comparison of an output voltage value of the dc source
power converter with a target voltage value, the target voltage value being derived by
combining a reference voltage value and a droop voltage value provided by the dynamic
drobp control device, ‘ ' .

the first droop controller being configured to control the droop voltage value
provided by the dynamic droop control device when an output current value of the dc
source power converter 1s less than a reterence current value, and the sccond droop
controller being contigured to control the droop voltage value provided by the dynamic
droop control device when the output current value of the dc source power converter is
greater than the reference current value,

the dynamic droop control device further comprising a current comparator
configured to compare the output current value of the dc¢ source power converter with
the reference current value to generate a current error value signal, and

cach of the first and second droop controllers being coupled to the current

comparator and configured to receive the current error value signal as an input, the first
and second droop controllers configured to output a first droop voltage signal and a
second droop voltage signal respectively,

wherein the reference current value is the desired output current value of the

dc source power converier and defines, in combination with the reference voltage value,

a target operating point.

2. The converter control arrangement according to claim 1, wherein the

voltage regulator comprises a voltage comparator configured to compare the output

CA 2826330 2018-01-17
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voltage value with the target voltage value, and a voltage controller configured to

control the operation of the dc source powcer convericer to regulate the output voltage

value.

3. The converter control arrangement according to claim 1, wherein the

first droop controller and the second droop controller comprise fixed droop rates.

4. The converter control arrangement according to claim 1, further
comprising a summer configured to sum the reference voltage value and a system droop
characleristic to provide a modified reference voltage value for combination with the

droop voltage value to enable derivation of the target voltage value.

5. The converter control arrangement according to claim 4, whercin the
dynamic droop control device further comprises a third droop controller contigured to

generate the system droop characteristic as a function of the reference current value.

0. The converter control arrangement according to claim 5, wherein the

third droop controller comprises a fixed droop rate.

7. A mcthod for regulating the output voltage of a dc source power
converter comprising a converter control arrangement comprising a dynamic droop
control device comprising a first droop controller and a second droop controller, each
of the first droop controller and the second droop controller comprising an associated
droop rate, the associated droop rate of the second droop controller being greater than
the associated droop rate of the first droop controller, the method comprising;:

comparing an output voltage value of the dc source power converter with a
target voltage value to enable regulation of the output voltage of the dc source power
converter, the target voltage value being derived by combining a reference voltage
value and a droop voltage value provided by the dynamic droop control device;

comparing an output current value of the dc source power converter with a
reference current value thereby generating a current error value signal; and

inputting the current error value signal to the first droop controller and the

second droop controller;

CA 2826330 2018-01-17
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wherein the droop voltage value provided by the dynamic droop control
device is controlled by the first droop controlier when the output current value 1s less
than the reference current value, and the droop voltage value provided by the dynamic
droop control device is controlled by the second droop controller when the output
current valuc 1s greater than the reterence current valuc,

wherein the reference current value is the desired output current value of the
dc source power converter and dcfincs, in combination with the reference voltage value,

a target operating point.

8. The method according to claim 7, wherein the method further
comprises controlling the operation of the dc source power converter to regulate the

output voltage value to a value consistent with the target voltage value.

0. The method according to claim 7, whercin combining the reterence
voltage value and the droop voltage value comprises summing the respective voltage

values.

10.  The method according to claim 7, further comprising combining the
reference voltage value with a system droop characteristic to provide a moditied
reference voltage value for combination with the droop voltage value to enable

derivation of the target voltage value.

11.  The method according to claim 10, wherein combining the reference
voltage value with the system droop characteristic comprises summing the reference

voltage value and the system droop characteristic.

12. The method according to claim 10, wherein the dynamic droop
control device further comprises a third droop controller, and the system droop
characteristic is a function of the reference current value and a droop rate determined

by the third droop controller.

13.  The method according to claim 12, wherein each of the first droop
controller, the second droop controller, and the third droop controller comprises a fixed

droop rate.
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