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(57) Abrege/Abstract:

There Is a method of fault clearance for a DC power grid (10), wherein the DC power grid (10) includes: a plurality of DC terminals
(12a,12b,12¢,12d); a plurality of DC power transmission media (14a,14b, 14c,14d) to interconnect the pluralty of DC terminals
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(57) Abrege(suite)/Abstract(continued):

(12a, 12b, 12¢, 12d); and a plurality of DC circuit interruption device stations (18), each DC circuit interruption device station (18)
being associated with a respective one of the plurality of DC power transmission media (14a,14b, 14c, 14d) and a respective one of
the plurality of DC terminals (12a, 12b,12c, 12d), each DC circuit interruption device station (18) including a DC circuit interruption
device (20) to selectively interrupt current flow in the associated DC power transmission medium (14a, 14b, 14c, 14d), the method
comprising the steps of: (i) detecting one or more faults occurring in the plurality of DC power transmission media (14a, 14b,
14c,14d); (i) after detecting the or each fault, opening all of the DC circuit interruption devices (20) to interrupt current flow in the
plurality of DC power transmission media (14a,14b, 14c,14d); (i) measuring electrical characteristics of each DC power
transmission medium (14a, 14b, 14c,14d); (lv) identifying the or each faulty DC power transmission medium (14a, 14b, 14c, 14d),
In which the or each fault Is located, based on the measured electrical characteristics of the plurality of DC power transmission
media (14a, 14b, 14c, 14d); and (v) after identifying the or each faulty DC power transmission medium (14a, 14b, 14c, 14d) In
which the or each fault is located, inhibiting closing of the or each DC circuit interruption device (20) that Is associated with the or
each faulty DC power transmission medium (14a,14b, 14c,14d), in which the or each fault is located, and closing the or each DC

circuit interruption device (20) that is associated with the or each non-faulty DC power transmission medium (14a, 14b, 14c, 14d),
In which the or each fault Is not located.




wO 2013/131782 A1 IH}0F0A 00D AN 00O A

(43) International Publication Date
12 September 2013 (12.09.2013)

CA 02865726 2014-08-27

(19) World Intellectual Property
Organization
International Burecau

WIPOIPCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2013/131782 Al

(1)

(21)

(22)

(25)

(26)
(30)

(71)

(72)

(74)

(81)

(534) Title: METHOD OF FAULT CLEARANCE

International Patent Classification:
HO2H 7/26 (2006.01)

International Application Number:
PCT/EP2013/053834

International Filing Date:
26 February 2013 (26.02.2013)

AQO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, 5G, SK, SL, SM, ST, SV, SY, TH, TJ,

Filing Language: English TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
Publication Language: English ZM, ZW.

Priority Data: (84) Designated States (unless otherwise indicated, for every
1203785 9 5 March 2012 (05.03.2012) GB kind of regional protection available). ARIPO (BW, GH,

Applicant: ALSTOM TECHNOLOGY LTD [CH/CH];
Brown Boveri Strasse 7, CH-5400 Baden (CH).

Inventors: WHITEHOUSE, Robert; 5 Hartsbourne Way,
Stafford ST17 4NR (GB). BARKER, Carl, David; 6 Fox-
wood Close, Walton, Stone, Statfordshire ST15 OLN (GB).

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

Agent: MITCHELL, Darren, Andrew; The Belgrave

ML, MR, NE, SN, TD, TQG).
Published:

Centre, Talbot Street, Nottingham, Nottinghamshire NG1
SGG (GB).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

—  with international search report (Art. 21(3))

—  before the expiration of the time [imit for amending the

claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(57) Abstract: There 1s a method of fault clearance for a DC power grid (10),
wherein the DC power grid (10) includes: a plurality of DC terminals
(12a,12b,12¢,12d); a plurality of DC power transmission media (14a,14b,
14¢,14d) to mterconnect the plurality of DC terminals (12a, 12b, 12¢, 12d);
and a plurality of DC circuit interruption device stations (18), each DC cir-

—L— " cuit interruption device station (18) being associated with a respective one of
-~ .| the plurality of DC power transmission media (14a,14b, 14c, 14d) and a re-

~ 1 spective one of the plurality of DC terminals (12a, 12b,12¢, 12d), each DC
—— circuit interruption device station (18) including a DC circuit interruption

device (20) to selectively interrupt current tlow in the associated DC power
transmission medium (14a, 14b, 14c, 14d), the method comprising the steps
of: (1) detecting one or more faults occurring mn the plurality of DC power
transmission media (14a, 14b, 14¢,14d); (1) after detecting the or each fault,
opening all of the DC circuit mterruption devices (20) to mterrupt current
flow 1n the plurality of DC power transmission media (14a,14b, 14c,14d);
(111) measuring electrical characteristics of each DC power transmission me-

wr— . dium (14a, 14b, 14c¢,14d); (1v) 1dentitying the or each taulty DC power trans-
{1 | mission medium (14a, 14b, 14c, 14d), in which the or each fault is located,
‘sl based on the measured electrical characteristics of the plurality of DC power
————" transmission media (14a, 14b, 14c, 14d); and (v) after identifying the or each

faulty DC power transmission medium (14a, 14b, 14c, 14d) in which the or
cach fault 1s located, mhibiting closing ot the or each DC circuit mterruption
device (20) that 1s associated with the or each taulty DC power transmission
medium (14a,14b, 14¢,14d), in which the or each fault is located, and closing
the or each DC circuit mterruption device (20) that 1s associated with the or
cach non-faulty DC power transmission medium (14a, 14b, 14c, 14d), m
which the or each fault is not located.
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METHOD OF FAULT CLEARANCE

This invention relates to a method of fault clearance for a DC power grid.

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 power transmission networks with smartgrid intelligence and features

that are able to support modern electricity trading requirements. Such a network 1s
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.

<A>

According to an aspect of the invention, there is provided a method of fault clearance for
a DC power grid, wherein the DC power grid includes: a plurality of DC terminals; a
plurality of DC power transmission media to interconnect the plurality of DC terminals;
and a plurality of DC circuit interruption device stations, each DC circuit interruption
device station being associated with a respective one of the plurality of DC power
transmission media and a respective one of the plurality of DC terminals, each DC circuit
interruption device station including a DC circuit interruption device to selectively

interrupt current flow in the associated power transmission medium, the method

comprising the steps of:

(1) detecting one or more faults occurring in the plurality of DC power transmission
media;

(1) after detecting the or each fault, opening all of the DC circuit interruption devices
to interrupt current flow in the plurality of DC power transmission media;

(ii1) measuring electrical characteristics of each DC power transmission medium;

(Iv) identifying the or each faulty DC power transmission medium, in which the or
each fault is located, based on the measured electrical characteristics of the
plurality of DC power transmission media; and
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US 3,970,898 discloses a method of and an apparatus for automatically isolating a faulty
section of a power line of an electrical supply network. The power line is adapted to be
connected to at least one energy source and to be temporarily divided up into sections
by switches following the appearance of an excess current, and automatically
reconnecting normally operating sections of the power line to at least one energy source.
A signal is transmitted from the place of at least one switch, which has opened
automatically after an excess current that has passed through it. The signal is
transmitted through a non-faulty part of the power line to at least one other switch,
through which at least part of the excess current had passed to the now opened switch
and which has automatically opened as well. Reception of the signal is an essential
requirement for closing the other switch.

1a
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(V) after identitying the or each faulty DC power transmission medium in which the or .
each fault is located, inhibiting closing of the or each DC circuit interruption
device that is associated with the or each faulty DC power transmission medium
In which the or each fault is located, and closing the or each DC circuit
interruption device that is associated with the or each non-faulty DC power
transmission medium, in which the or each fault is not located,

characterised in that the step of measuring electrical characteristics of each DC power

transmission medium involves measuring one or more electricai characteristics selected

from a group consisting of:
e aresidual DC voltage level of each DC power transmission medium;
e a voltage oscillation frequency of each DC power transmission medium,;
¢ magnitude and direction of one or more fault currents in the plurality of DC power
transmission media.

For the purposes of this specification, opening a circuit interruption device refers to the
use of the circuit interruption device to open a closed circuit to interrupt current flow In
the circuit, while closing a circuit interruption device refers to the use of the circuit
interruption device to complete an open circuit to permit current flow in the circuit.

A DC circuit interruption device may be any device that is capable of interrupting direct
current flow in a DC circuit. Such a DC circuit interruption device may be, but Is not
limited to, a DC circuit breaker.

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
imited to, a submarine DC power transmission cable, an overhead DC power

transmission line or cable and an underground DG power transmission cable.

The occurrence of one or more faults occurring in the plurality of the DC power
transmission media may lead to one or more fault currents flowing through the DC power
grid. The fault may, for example, be in the form of a short circuit with low impedance
across DC power transmission cables. This may occur due to damage or breakdown of
insulation, lightning strikes, movement of conductors or other accidental bridging
between conductors by a foreign object.

Detection of the or each fault may be carried out locally at each DC circuit interruption
device station to enable rapid detection of a fault in the associated DC power

2
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transmission medium. Such rapid detection may be achieved by, for example, using an
embodiment of the method in which the step of detecting a fault occurring in the plurality
of DC power transmission media involves carrying out direct or derivative measurements

of current and/or voltage characteristics of the associated DC power transmission

medium.

Preferably each DC circuit interruption device station includes fault detection equipment
to detect one or more faults in the associated DC power transmission medium, wherein
each DC circuit interruption device opens in response to detection of the or each fault in
the plurality of DC power transmission media by the fault detection equipment of the
corresponding DC circuit interruption device station.

A DC circuit interruption device is usually designed to open on command, t.e. trip, upon
detection of a fault in a circuit directly connected to the DC circuit interruption device.

The low impedance nature of the DC power grid results in all DC terminals of the DC
power grid being affected by the or each fault occurring in the plurality of DC power
transmission media. This causes the or each fault to be detected locally at each DC
circuit interruption device station. in the method according to the invention, this will
automatically cause each DC circuit interruption device to trip.

Opening all of the DC circuit interruption devices upon detection of the or fault occurring
in the plurality of DC power transmission media enables speedy interruption of the or
each fault current in the DC power grid, whilst the or each fault current is still within the
current interruption capability of each DC circuit interruption device. This prevents a rise

in level of the or each fault current until it exceeds the current interruption capability of

each DC circuit interruption device. In the event a fault current exceeds the current
interruption capability of a DC circuit interruption device, it is not possible to open the DC

circuit interruption device.

Figure 1 illustrates the relative magnitudes of current in a DC power grid. It can be seen
that, during a fault in the DC power grid, a DC power transmission medium current with a
normal operating value of 1.0 per unit current may exceed the current interruption
capability of a typical DC circuit breaker with a 6.0 per unit current rating within 5 ms, and
may reach a DC converter fault current of 10.0 per unit current within 10 ms and a DC
power grid fault current of several multiples of the DC converter fault current within 50
ms. It is therefore essential to open all of the DC circuit interruption devices immediately

3
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after the or each fault is detected, in order to ensure successful interruption of current
flow in the DC power grid.

The step of opening all of the DC circuit interruption devices after detection of the or
each fault i1s further advantageous in that this step obviates the need to operate AC
circuit breakers to interrupt current flow in the DC power grid, which adversely impacts
the duration of complete power transmission capability through the DC power grid. This
IS because, in many conventional converter topologies, the use of diodes forming part of
power transistors for use in power electronic switches results in an inherent conduction
path through a converter. Hence, in the event of a fault in the DC power grid, discharge
current may flow through the conduction path from the AC power grid and into the fault
via the DC power grid. The flow of discharge current means that circuit isolating
switches cannot be opened to isolate the faulty section of the DC power grid until the
magnitude of the discharge current has fallen below the current interruption capability of
the circuit isolating switches. It is therefore necessary to first trip all AC circuit breakers
connected to all converters of the DC power grid to isolate the converter from an
associated AC network before using circuit isolating switches to disconnect a faulty
section of the DC power grid and then re-energising the remaining parts of the DC power
grid. lsolating the converter from its associated AC network and then reclosing the AC
circuit breaker to reconnect the converter would however take a finite period of time.
Typically AC circuit breakers can trip quickly but can however take three or four times
longer to reclose.

ldentification of the or each faulty DC power transmission medium in which the or each
fault is located is carried out after all of the DC circuit interruption devices have been
opened. This is possible because each faulty DC power transmission medium will be
subjected to a low impedance and will typically have, on average, a zero residual DG
voltage level. Meanwhile each non-faulty DC power transmission medium will have a
non-zero residual DC voltage level due to the presence of trapped charge. Such
differences in the electrical characteristics of the faulty and non-faulty DC power
fransmission media are readily measured to provide information that makes it

straightforward to identify the or each faulty DC power transmission medium.

Measurement of electrical characteristics of each DC power transmission medium may
be done locally at each DC circuit interruption device station without the need for
communication between different DC circuit interruption device stations or with a central
control station, thus resulting in a straightforward and rapid identification of the or each

4
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faulty DC power transmission medium. This has the benefit of minimising the amount of
time of zero power transmission in the DC power grid, which minimises inconvenience to

the DC power grid's end users.

The step of measuring electrical characteristics of each DC power transmission medium
may be carried out in a number of different ways after all of the DC circuit interruption
devices have been opened.

The step of measuring electrical characteristics of each DC power transmission medium
may involve measuring a residual DC voltage level of each DC power transmission

medium.

The step of measuring electrical characteristics of each DC power transmission medium
may involve measuring a voltage oscillation frequency of each DC power transmission

medium.

Measurement of voltage characteristics of each DC power transmission medium in this
manner permits the or each faulty DC power transmission medium to be identified.

The step of measuring electrical characteristics of each DC power transmission medium
may involve measuring magnitude and direction of one or more fault currents in the

plurality of DC power transmission media.

In such embodiments, the step of identifying the or each faulty DC power transmission
medium, in which the or each fault is located, based on the measured electrical

characteristics of the plurality of DC power transmission media may Iinvolve

communicating information between different DC circuit interruption device stations, the
information including magnitude and direction of the or each fault current in the plurality

of DC power transmission media.

In other such embodiments and wherein the DC power grid further includes a control
station to communicate with the plurality of DC circuit interruption device stations, the
step of identifying the or each faulty DC power transmission medium, in which the or
each fault is located, based on the measured electrical characteristics of the plurality of
DC power transmission media may involve communicating information between each DC

circuit interruption device station and a control station, the information including
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magnitude and direction of the or each fault current in the plurality of DC power
transmission media.

Measurement of magnitude and direction of one or more fault currents in the plurality of
5 DC transmission media also permits the or each faulty DC power transmission medium
to be identified.
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When each DC circuit interruption device automatically closes after the predetermined
time delay, it is necessary to actively inhibit the or each DC circult interruption device that

is associated with the or each faulty DC power transmission medium.

Active inhibition of the closing of the or each DC circuit interruption device that is ‘
associated with the or each faulty DC power transmission medium may be achieved
using local control at the corresponding DC circuit interruption device station. Optionally,
wherein the DC power grid further includes a control station to communicate with the
plurality of DC circuit interruption device stations, the step of inhibiting closing of the or
each DC circuit interruption device that is associated with the or each faulty DC power
transmission medium in which the or each fault is located may involve sending a control
signal from the control station to the or each DC circuit interruption device station that is
associated with the or each faulty DC power transmission medium to inhibit closing of the

or each corresponding DC circuit interruption device.

Operating a DC power grid in accordance with the method according to the invention
therefore results in a reliable and stable DC power grid with minimal off-line time. This is
because the method enables the or each fault in the DC power grid to be quickly isolated
and segregated from the rest of the DC power grid, in order to allow the rest of the DC

power grid to resume normal operation.

Preferred embodiments of the invention will now be described, by way of non-limiting

examples, with reference to the accompanying drawings in which:

Figure 1 illustrates the relative magnitudes of current in a DC power grid;

Figure 2 shows, in schematic form, an example of a four-DC terminal DC power
grid;

Figure 3 shows graphs illustrating voltage characteristics for a plurality of DC
power transmission lines forming part of the DC power grid of Figure 2 when a pole-to-
pole fault occurs at the centre of one of the DC power transmission lines;

Figure 4 shows close-ups of the graphs shown in Figure 3;

Figure 5 shows graphs illustrating voltage characteristics for the plurality of DC
power transmission lines forming part of the DC power grid of Figure 2 when a pole-to-
pole fault occurs at one end of one of the DC power transmission lines; and

Figure 6 shows, in schematic form, another example of a four-DC terminal DC

power grid that includes a control station.
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A method of fault clearance for a DC power grid 10 according to an embodiment of the

invention is described as follows, with reference to Figures 2 to 5.

A DC power grid 10 includes four DC terminals 12a,12b,12¢,12d and four DC power
transmission lines 14a,14b,14c,14d. Each DC terminal 12a,12b,12c¢,12d is connected to
a power converter 16a,16b,16c,16d, while the four DC power transmission lines

14a,14b,14c,14d are arranged to interconnect the DC terminals, as follows.

A first end of a first DC power transmission line 14a is connected to a first DC terminal
12a, while a second end of the first DC power transmission line 14a is connected to a

second DC terminal 12b.

A first end of a second DC power transmission line 14b is connected to the second DC
terminal 12b, while a second end of the second DC power transmission line 14b 1Is

connected to a third DC terminal 12c¢.

A first end of a third DC power transmission line 14c is connected to the third DC
terminal 12c, while a second end of the third DC power transmission line 14c is
connected to a fourth DC terminal 12d.

A first end of a fourth DC power transmission line 14d is connected to the fourth DC
terminal 12d, while a second end of the fourth DC power transmission line 14d is
connected to the first DC terminal 12a.

The use of the DC power transmission lines 14a,14b,14c,14d to interconnect the four DC
terminals 12a,12b,12c¢,12d permits power transfer between the different DC terminals
12a,12b,12c,12d of the DC power grid 10.

The DC power grid 10 further includes a plurality of DC circuit breaker stations 18. Each
DC circuit breaker station 18 includes a DC circuit breaker 20 that is connected between
a respective one of the DC terminals 12a,12b,12¢,12d and one end of a respective one
of the DC power transmission lines 14a,14b,14c,14d, so that a pair of DC circuit breakers
20 is located at opposite ends of each DC power transmission line 14a,14b,14c,14d.

It is envisaged that, in other embodiments, each DC circuit breaker 20 may be replaced

by another type of circuit interruption device.



10

15

20

25

30

35

CA 02865726 2014-08-27

WO 2013/131782 PCT/EP2013/053834

Configuration of the DC power grid 10 in this manner allows each DC circuit breaker 20
to selectively interrupt current flow in the corresponding DC power transmission line
14a.14b 14c.14d, i.e. each DC circuit breaker 20 is controlled to either interrupt or permit '

current flow in the corresponding DC power transmission line 14a,14b,14c,14d.

The DC power grid 10 further includes a plurality of DC reactors 22. Each DC reactor 22
is connected between a respective one of the DC circuit breakers 20 and one end of a
respective one of the DC power transmission lines 14a,14b,14c,14d, so that a pair of DC

reactors 22 is located at opposite ends of each DC power transmission line
14a,14b,14c,14d.

The purpose of the DC reactors 22 is to limit the rate of change of direct current flow in '
the corresponding DC power transmission line 14a,14b,14c,14d.

In other arrangements of the DC power grid 10, it is envisaged that the DC reactors 22

may be omitted.

Each DC circuit breaker station 18 further includes fault detection equipment (not shown)
to locally carry out direct or derivative measurements of current and voltage
characteristics of the corresponding DC power transmission line 14a,14b,14c,14d. This
allows a fault occurring in the corresponding DC power transmission Iline
14a 14b,14c,14d to be rapidly detected when the fault results in the measured current
and voltage characteristics falling outside their normal operating ranges. Each DC circuit
breaker 20 trips when a fault is detected by the fault detection equipment of the
corresponding DC circuit breaker station 18.

Each power converter 16a,16b,16c,16d is further connected to a respective AC network
24 via a respective AC circuit breaker 26.

Simulations of the fault operation of the DC power grid 10 during a pole-to-pole fault
were carried out using PSCAD®/EMTDC™ simulation software.

In a first simulation, the pole-to-pole fault was initiated so as to occur at the centre of the

fourth DC power transmission line 14d.

As mentioned above, the low impedance nature of the DC power grid 10 results in all of
the DC terminals 12a,12b,12¢,12d of the DC power grid 10 being affected by the pole-to-
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pole fault applied to the fourth DC power transmission line 14d. This in turn allows the
fault detection equipment of each DC circuit breaker station 18 to locally detect the

occurrence of the pole-to-pole fault, and thereby cause all of the DC circuit breakers 20

to automatically trip.

As mentioned above, opening all the DC circuit breakers 20 after detection of the fault
prevents a resulting fault current from rising to a level where it exceeds the current
interruption capability of each DC circuit breaker 20. This in turn prevents the DC power
grid 10 from being exposed to high fault current that cannot be interrupted.

The graphs shown in Figure 3 illustrates voltage characteristics V4,V,,V3,V, for each DC
power transmission line 14a,14b,14c,14d, as measured by the fault detection equipment
of each DC circuit breaker station 18, before and after the occurrence of the pole-to-pole

fault in the first simulation.

After occurrence of the pole-to-pole fault, it was found that the DC voltage levels V4,V,, V3
in the first, second and third DC power transmission lines 14a,14b,14c remained close to
their normal operating voltage level. This is due to the presence of a non-zero residual
DC voltage, resulting from trapped charge, in each of the first, second and third DC

power transmission lines 14a,14b,14c.

In contrast, after occurrence of the pole-to-pole fault, the voltage level V, in the fourth DC
power transmission line 14d was found to have a zero residual DC voltage in the form of

a nominally zero DC voltage with a substantial AC voltage component.

The considerable difference in voltage characteristics V4,V,,V;3,V,4 between the fourth DC
power transmission line 14d and the other DC power transmission ines 14a,14b,14c
means that it was straightforward to identify the fourth DC power transmission line 14d
as the faulty DC power transmission line in which the pole-to-pole fault is located. Figure
4 shows that this difference is evident within 1 cycle of the voltage oscillation frequency.

Thus, the faulty DC power transmission line was able to be quickly identified.

Once the faulty DC power transmission line was identified, the DC circuit breakers 20
connected to the fourth DC power transmission line 14d were inhibited from re-closing,
while the DC circuit breakers 20 connected to the first, second and third DC power
transmission lines 14a,14b,14c were closed. This therefore enables the first, second and

third DC power transmission lines 14a,14b,14c to resume normal operation, whilst the

10
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fourth DC power transmission line 14d is kept off-line to allow the pole-to-pole fault to be

repaired or removed.

In a second simulation, the pole-to-pole fault was initiated so as to occur at the first end

of the fourth DC power transmission line 14d.

The graphs shown in Figure 5 illustrates voltage characteristics V,,V2,V3,V, for each DC
power transmission line 14a,14b,14c,14d, as measured by the fault detection equipment

of each DC circuit breaker station 18, before and after the occurrence of the pole-to-pole

fault in the second simulation.

After occurrence of the pole-to-pole fault, it was found that the DC voltage levels V4,V3, V3
in the first, second and third DC power transmission lines 14a,14b,14c remained close to
their normal operating voltage levels. As mentioned above, this is due to the presence of
a non-zero residual DC voltage, resulting from trapped charge, in each of the first,

second and third DC power transmission lines 14a,14b,14c.

In contrast, after occurrence of the pole-to-pole fault, the fault detection equipment of the
DC circuit breaker station 18 measures the voltage V, at the second end of the fourth DC
power transmission line 14d to be a zero residual DC voltage Vi, in the form of a
nominally zero DC voltage with a substantial AC voltage component in the fourth DC
power transmission line 14d. Meanwhile the fault detection equipment of the DC circuit
breaker station 18 measures the voltage V, at the first end of the DC fourth power

transmission line 14d to be a zero residual DC voltage V,; without an AC voltage

component.

It is evident from the considerable difference in voltage characteristics V4,V;,V3,Vy
between the fourth DC power transmission line 14d and the other DC power
transmission lines 14a,14b,14c that it was straightforward to identify the fourth DC power
transmission line 14d as the faulty DC power transmission line in which the pole-to-pole
fault is located. In addition, the difference in voltage oscillation frequency between the
measured voltages V4,Vs, at the first and second ends of the fourth DC power
transmission line 14d means that it was straightforward to determine the location of the

pole-to-pole fault to be at the first end of the fourth DC power transmission ine 14d.

Use of the method of fault protection according to the invention therefore not only allows
rapid and accurate identification of the faulty DC power transmission line in which the
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fault is located. but also enables the specific location of the fault within the faulty DC

power transmission line to be identified.

It is envisaged that the measured voltage characteristics of the DC power transmission
lines 14a.14b.14c,14d may be used to determine the location of the fault at any location

within a faulty DC power transmission line.

A method of fault clearance for a DC power grid 110 according to a second embodiment

of the invention is described as follows, with reference to Figure 6.

The DC power grid 110 of Figure 6 is similar in structure and operation to the DC power
grid 10 of Figure 2, and like features share the same reference numerals. The DC power
grid 110 of Figure 6 differs from the DC power grid 10 of Figure 2 in that the DC power
grid 110 of Figure 6 further includes a control station 30 to communicate with each DC

circuit breaker station 18.

The method according to the second embodiment of the invention is similar to the
method according to the first embodiment of the invention except that, in the second
method, the faulty DC power transmission medium in the DC power grid 110 of Figure 6
is identified by measuring magnitude and direction of fault current flowing in the DC

poower grid 110, instead of measuring voltage characteristics of each DC power
transmission line 14a,14b,14c¢,14d.

In the event of a pole-to-pole fault occurring in the fourth DC power transmission line
14a, the fault detection equipment of each DC circuit breaker station 18 not only detects
the pole-to-pole fault, but also measures the magnitude and direction of fault current

flowing through the corresponding DC power transmission line 14a,14b,14c,14d.

During the occurrence of the pole-to-pole fault, both ends of the fourth DC power
transmission line 14d will experience inflow of fault current. Meanwhile one end of each
of the first. second and third DC power transmission lines 14a,14b,14c will experience
inflow of fault current, while the other end of each of the first, second and third DC power

transmission lines 14a,14b,14c will experience outflow of current.
After all of the DC circuit breakers 20 are opened following detection of the pole-to-pole

fault. each DC circuit breaker station 18 communicates information to the other DC circuit

hreaker stations 18 via the control station 30. The communicated information includes
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the earlier-measured magnitudes and directions of fault current flowing in the DC power

transmission lines 14a,14b,14c¢,14d.

The differences in fault current magnitude and direction in the fourth DC power
transmission line 14d and the other DC power transmission lines 14a,14b,14c allows the
fourth DC power transmission line 14d to be identified as the faulty DC power

transmission line in which the pole-to-pole fault is located.

Once the faulty DC power transmission line is identified, the DC circuit breakers 20
connected to the fourth DC power transmission line 14d are inhibited from re-closing,
while the DC circuit breakers 20 connected to the first, second and third DC power
transmission lines 14a,14b,14c are closed. This therefore enables the first, second and
third DC power transmission lines 14a,14b,14c to resume normal operation, whilst the
fourth DC power transmission line 14d is kept off-line to allow the pole-to-pole fault to be

repaired or removed.

In other embodiments of the invention, it is envisaged that the DC power grid 110 may
omit the control station 30, and each DC circuit breaker station 18 may directly
communicate the information to the other DC circuit breaker stations 18 after all of the

DC circuit breakers 20 are opened.

Use of the first and/or second methods according to the invention therefore results in a
reliable and stable DC power grid 10,110.

It is envisaged that, in other embodiments, the first and second methods may be used in

combination to clear one or more fauits in a DC power grid.

It will be appreciated that the method according to the invention is applicable to a DC
power grid having a different number of DC terminals and a different arrangement of DC
power transmission lines to interconnect the DC terminals. Such a DC power grid may
be, but is not limited to, a mesh-connected DC power grid or a radial-connected DC

power grid.

The embodiments described above with reference to the DC power grids 10,110
respectively shown in Figures 2 and 6 refer to the use of DC power transmission lines
14a.14b,14c,14d. It is envisaged that, in other embodiments, the method may be used in
DC power grids including other DC power transmission media such as, for example, a

13
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submarine DC power transmission cable, an overhead DC power transmission line or

cable and an underground DC power transmission cable.

14



THE EMBODIMENTS OF THE INVENTION FOR WHICH AN EXCLUSIVE PROPERTY OR
PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A method of fault clearance for a DC power grid (10;110), wherein the DC power grid
(10;110) includes: a plurality of DC terminals (12a,12b,12¢,12d); a plurality of DC power
transmission media (14a,14b,14¢,14d) to interconnect the plurality of DC terminals
(12a,12b,12c,12d); and a plurality of DG circuit interruption device stations (18), each DC
circuit interruption device station {18) being associated with a respective one ot the plurality
of DC power transmission media {14a,14b,14c¢,14d) and a respective one of the plurality of

DC terminals (12a,12b,12c¢,12d), each DC circuit interruption device station (18) including a

DC circuit interruption device (20) to selectively interrupt current flow in the associated DC

power transmission medium (14a,14b,14c,14d), the method comprising the steps of:

(1) detecting, at each DC circuit interruption device station (18), one or more fauits
occurring in the plurality of DG power transmission media (14a,14b,14c¢,14d);

(it) after detecting the or each fault, opening the DC circuit interruption devices (20) of
the corresponding DC circuit interruption device stations (18) at which the or each
fault is detected to interrupt current flow in the plurahty of DC power transmission
media (14a,14b,14c,14d); '

(i) measuring electrical characteristics of each DC power transmission medium
(14a,14b,14c,14d);

(1v) identifying the or each faulty DC power transmission medium (14a,14b,14¢,14d), in
which the or each fault is located, based on the measured electrical characteristics
of the plurality of DC power transmission media (14a,14b,14c,14d); and

(V) after identifying the or each faulty DC power transmission medium
(14a,14b,14¢,14d) in which the or each fault is located, inhibiting closing of the or
each DC circuit interruption device (20) that is associated with the or each fauity DC
power transmission medium (14a,14b,14¢,14d), in which the or each fault I1s located,
and closing the or each DC circutt interruption device (20) that is associated with the
or each non-faulty DC power transmission medium (14a,14b,14c,14d), in which the
or each fault is not located,

characterised in that the siep of measuring electrical characternstics of each DC power

transmission medium (14a,14b,14c,14d) involves measuring one or more electrical

characteristics selected from a group consisting of:

e a residual DC voltage level of each DC power transmission medium
(14a,14b,14c¢,14d);

e a voltage oscillation frequency of each DC power transmission medium
(14a,14b,14c,14d);

15
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« differences in fault current magnitude and direction in the plurality of DC power
transmission media (14a,14b,14¢,14Q).

2. A method according to claim 1 wherein the step of detecting one or more faults
occurring in the plurality of DG power transmission media (14a,14b,14c¢,14d) involves
carrying out direct or derivative measurements of current and/or voltage characteristics of

each DC power transmission medium (14a,14b,14c¢,14d).

3. A method according to claim 1 or claim 2 wherein each DC circuit interruption device
station (18) includes fault detection equipment to detect one or more faults in the associated
DC power transmission medium (14a,14b,14¢,14d), wherein each DGC circuit interruption
device (20) opens in résponse to detection of the or each fault in the plurality of DC power
transmission media (14a,14b,14¢,14d) by the fault detection equipment of the corresponding

DC circuit interruption device station (18).

4, A method according to any'one of claims 1 to 3 wherein the step of measuring
electrical characteristics of each DC power transmission medium (14a,14b,14c,14d) involves
measuring differences in fault current magnitude and direction in the plurality of DC power
fransmission media (14a,14b,14c,14d), and the step of identifying the or each faulty DG
power transmission medium (14a,14b,14¢,14d), in which the or each fault is located, based
on the measured electrical characteristics of the plurality of DC power transmission media
(14a,14b,14¢,14d) involves communicating information between different DC circuit
interruption device stations (18), the information including differences in fault current
magnitude and direction in the plurality of DC power transmission media (14a,14b,14c,140).

5. A method according to any one of claims 1 to 4 wherein the step of measuring

electrical characteristics of each DG power transmission medium (14a,14b,14c,14d) invoives
measuring differences in fault current magnitude and direction in the plurality of DC power
transmiésion media (14a,14b,14c¢c,14d), and the DC power grid (110) further includes a
control station (30) to communicate with the plurality of DC circuit interruption device stations
(18), wherein the step of identifying the or each faulty DC power transmission medium
(14a,14b,14c¢,14d), in which the or each fault is located, based on the measured electrical
characteristics of the plurality of DC power transmission media (14a,14b,14c,14d) involves
communicating information between each DC circuit interruption device station {18) and a
control station (30), the information including differences in fault current magnitude and
direction in the plurality of DC power transmission media (14a,14b,14¢,144d).
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6. A method according to any one of claims 1 to 5 wherein the step of identifying the or
each faulty DC power transmission medium (14a,14b,14c,14d), in which the or each fault is
located, based on the measured electrical characteristics of the plurality of DC power
transmission media (14a,14b,14¢,14d) involves determining a location of the or each fault
within the or each faulty DC power transmission medium (14a,14b,14c¢,14d).

7. A method according to any one of claims 1 to 6 wherein the DC power grid (110)
further includes a control station (30) to communicate with the plurality of DC circuit
interruption device stations (18), wherein the step of closing the or each DC circuit
interruption device {20) that is associated with the or each non-faulty DC power transmission
medium (14a,14b,14¢,14d), in which the or each fault is not located, involves sending a
control signal from the control station (30) to the or each DC circuit interruption device
station (18) that is associated with the or each non-faulty DC power transmission medium
(14a,14b,14c¢,14d) to initiate closing of the corresponding DC circuit interruption device (20).

8. A method according to any one of Claims 1 to 6 wherein the step of closing the or
each DC circuit interruption device (20) that is associated with the or each DC power
transmission medium (14a,14b,14¢,14d) in which the or each fault is not located involves
closing the or each DC circuit interruption device (20) that is associated with the or each
non-faulty DG power transmission medium (14a,14b,14¢,14q) after a predetermined time
delay after the opening of the DC circuit interruption devices (20) of the corresponding DG

circuit interruption device stations (18) at which the or each fault is detected.

9. A method according to any one of claims 1 to 8 wherein the DC power grid (110)
further includes a control station (30) to communicate with the plurality of DC circuit
interrupﬁon device stations {18), wherein the step of inhibiting closing of the or each DC
circuit interruption device (20) that is associated with the or each faulty DC power
fransmission medium (14a,14b,14c,‘14d), in which the or each fault is located, involves
sending a contro! signal from the control station (30) to the or each DC circult interruption
device siation (18) that is associated with the or each faulty DC power transmission medium
(14a,14b,14c,14d) to inhibit closing of the or each corresponding DC circuit interruption
device (20).

10. A system for fault clearance for a DG power grid (10;110), wherein the DC power grid
(10;110) includes a plurality of DC terminals (12a,12b,12¢,12d) and a plurality of DG power
transmission media (14a,14b,14c,14d) to interconnect the plurality of DC terminals (18), the
system comprising:
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a plurality of DC circuit interruption device stations (18), each DC circuit interruption
device station (18) being associated with a respective one of the plurality of DC power
transmission media (14a,14b,14¢,14d) and a respective one of the plurality of DC terminais

(12a,12b,12c,12d), each DC circuit interruption device station (18) including a DC circuit

interruption device (20) to selectively interrupt current flow In the associated DC power

transmission medium (14a,14b,14¢,14d), the plurality of DC circuit interruption device
stations (18) configured to:

(1) detect, at each DC circuit interruption device station (18), one or more faulis
occurring in the plurality of DC power transmission media (14a,14b,14c,14d);

(ii) after detecting the or each fault, open the DC circuit interruption devices (20) of the
corresponding DC circuit interruption device stations (18) at which the or each fault is
detected to interrupt current flow in the plurality of DG power transmission media
(142,14b,14c,14d);

(if1) measure electrical characteristics of each DC power transmission medium
(14a,14b,14c,14d);

(iv) identify the or each faulty DC power transmission medium (14a,14b,14c,14d), in
which the or each fault is located, based on the measured electrical characteristics of
the piurality of DC power transmission media (14a,14b,14c¢,14d); and

(v) after identifying the or each faulty DG power transmission medium (14a,14b,14c¢,14d)
in which the or each fauilt is located, innhibit closing of the or each DC circuit
interruption device (20) that is associated with the or each faulty DC power
transmission medium (14a,14b,14c,14d), in which the or each fault is located, and
close the or each DC circuit interruption device (14a,14b,14c,14d) that is associated
with the or each non-faulty DC power transmission medium (14a,140b,14c¢,14d), In
which the or each tault is not located,

wherein the measured electrical characteristics are selected from a group consisting of:

e a residual DC voltage level of each DC power transmission medium
(14a,14b,14c,14d);

» a voltage oscillation frequency of each DC power transmission medium
(14a,14b,14c¢,14d); and

e differences in fault current magnitude and direction in the plurality of DG power

transmission media (14a,14b,14c,14d).

11. A system according 1o claim 10 wherein the plurality of DC circuit interruption device
stations (18) are configured to detect the one or more faults occurring in the plurality of DC
power transmission media (14a,14b,14c,14d) by carrying out direct or derivative
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measurements of current and/or voltage characteristics of each DC power transmission
medium (14a,14b,14c,14d).

12. A system according to claim 10 or claim 11 wherein each DC circuit interruption
device station (18) includes fault detection equipment to detect one or more faults in the
associated DG power transmission medium (14a.14b,14¢,14d), wherein each DC circuit
interruption device (20) opens in response to detection of the or each fault in the plurality of
DC power transmission media (14a,14b,14c¢,14d) by the fault detection equipment of the
corresponding DC circutt interruption device station (18).

13. A system according to any one of claims 10 to 12 wherein the plurality of DC circuit
Interruption device stations (18) are configured to measure the electrical characteristics of
each DC power transmission medium (14a,14b,14¢,14d) by measuring differences in fauit
current magnitude and direction in the plurality of DC power transmission media
(14a,14b,14c,14d), and the plurality of DC circuit interruption device stations (18) are
configured to identify the or each faulty DC power transmission medium (14a,14b,14c,14d),
In which the or each fault is located, based on the measured electrical characteristics of the
plurality of DC power transmission media (14a,14b,14c¢,14d) by communicating information
between different DC circuit interruption device stations (18), the Information [ncluding
differences in fault current magnitude and direction in the plurality of DC power transmission
media (14a,14b,14c,14d).

14. A system according to any one of claims 10 to 13 wherein the plurality of DC circuit
interruption device stations (18) are configured to measure the electrical characteristics of
each DC power transmission medium (14a,14b,14¢,14d) by measuring differences in fault
current magnitude and direction in the plurality of DC power transmission media
(14a,14b,14c,14d), the system further comprising a control station (30) to communicate with
the plurality of DC circuit interruption device stations (18), wherein the plurality of DC circuit
interruption device stations (18) are configured to identify the or each faulty DC power
transmission medium (14a,14b,14¢,14d), in which the or each fault is located, based on the
measured electrical characteristics of the plurality of DC power transmission media
(14a,14b,14¢,14d) by communicating information between each DC circuit interruption
device station (18) and the control station (30), the information including differences in fault
current magnitude and direction in the plurality of DC power transmission media
(14a,14b,14c,14d).
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15. A system according to any one of claims 10 to 14 wherein the plurality of DC circuit
interruption device stations (18) are configured to identify the or each faulty DC power
transmission medium (14a,14b,14c,14d), in which the or each fault is located, based on the

measured electrical characteristics of the plurality of DG power transmission media
(14a,14b,14¢,14d) by determining a location of the or each fault within the or each faulty DC
power transmission medium (14a,14b,14c,14d).

16. A system according to any one of claims 10 to 15 further comprising a control station
(30) to communicate with the plurality of DC circuit interruption device stations (18), wherein
the plurality of DC circuit interruption device stations (18) are configured to close the or each
DC circuit interruption device (20) that is associated with the or each non-faulty DC power
transmission medium (14a,14b,14c¢,14d), in which the or each fault is not located, by
receiving, at the or each DC circuit interruption device station (18) that is associated with the
or each non-faulty DC power transmission medium (14a,14b,14c,14d), a control signal from

the control station (30) to inttiate closing of the corresponding DC circuit interruption device
(20).

17. A system according to any one of claims 10 to 15 wherein the plurality of DC circuit
interruption device stations {18) are configured to close the or each DC circuit interruption
device (20) that is associated with the or each DC power transmission medium
(14a,14b,14¢,14d) in which the or each fault is not located by closing the or each DC circuit
interruption device (20) that is associated with the or each non-faulty DC power transmission
medium (14a,14b,14c¢,14d) after a predetermined time delay after the opening of the DC
circult interruption devices (20) of the corresponding DC circuit interruption device stations
(18) at which the or each fault Is detected.

18. A system according to any one of claims 10 to 17 further comprising a control station
(30) to communicate with the plurality of DC circuit interruption device stations (18), wherein
the plurality of DC circuit interruption device stations (18) are configured to inhibit closing of
the or each DC circuit interruption device (20) that is associated with the or each faulty DG
power transmission medium (14a,14b,14¢,14d), in which the or each fault is located, by
receiving, at the or each DC circuit interruption device station (18) that is associated with the
or each faulty DC power transmission medium (14a,14b,14¢,14d), a conirol signal trom the
control station (30) to inhibit closing of the or each corresponding DC circuit interruption
device (20).
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