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Description

[0001] The present disclosure relates to a method, a device, and an electrical power system for controlling a line
differential protection system for a transmission line with a shunt reactor, the system comprising a first differential
protection device located at a first end of a line segment of an electrical power transmission line and a second differential
protection device located at a second end of the line segment of the electrical power transmission line.

[0002] A line differential protection is widely used as a transmission protection system in many applications, including
a windfarm application comprising a long transmission line. Conventionally, a line differential protection trips a corre-
sponding device, e.g. a relay, to prevent further propagation of the fault when an internal fault occurs. In contrary, when
an external fault occurs or during normal operation conditions such as switching in and switching off the lines, the line
differential protection does not trip the corresponding device. Thus, it is important to discriminate, or equivalently deter-
mine, the fault accurately and reliably.

[0003] A challenge is posed when the switching operation causes observing quantities to resemble the dynamic
behaviours thereof observed during the internal fault. In such case, a conventional line differential protection determines
the fault to be an internal fault and trips the corresponding relay, which in turn causes a maloperation. Thus, there is a
need to improve a method, a device, and an electrical power system of the fault discrimination for a line differential
protection.

[0004] The present disclosure relates to a method for controlling a line differential protection system for an electrical
power system, the method comprising: sensing at least one first parameter at a first end of a transmission line of the
electrical power system; determining, based on the sensed at least one first parameter, an abnormal operation condition;
adjusting, based on the determined abnormal operation condition, a preset setting of the line differential protection
system; and controlling, based on the adjusted preset setting, the line differential protection system.

[0005] According to an embodiment, a segment of the transmission line between the first end and the second end is
protected by the line differential protection system.

[0006] According to an embodiment, the at least one first parameter is at least one of individual phase (e.g. phase-A,
phase-B, phase-C, and so forth) current through the first end of the transmission line. According to an embodiment, the
at least one first parameter is a voltage sensed at the first end of the transmission line.

[0007] According to an embodiment an abnormal condition is or comprises any operating condition deviating from a
normal operating condition, in particular caused by a phenomenon different from a fault, more particularly a short-circuit
fault or an electrical-grounding fault. According to an embodiment, an abnormal operating condition is or comprises an
operating condition caused by an open circuit of the transmission line or at least one of phases carried on the transmission
line, in particular the open circuit occurs outside of a protected portion of the transmission line, more particularly the
open circuit is caused by a switching component.

[0008] According to an embodiment, the line differential protection system remains stable, inaction, held off, or any of
the equivalent action, in particular when the abnormal operation is detected, more particularly when the operating
condition is determined to be caused by the open circuit of the transmission line or at least one of phases carried on the
transmission line. According to an embodiment, the line differential protection system is triggered when the abnormal
operation is detected.

[0009] According to an embodiment, the abnormal operation condition comprises any form of deviation from a normal
operation in parameters, in particular the sensed parameters, related to the transmission line to be protected. According
to an embodiment, the abnormal operating condition is an indicator that there is no fault within and/or outside of the
protected portion of the transmission line. According to an embodiment, a fault is determined when the parameters, in
particular the sensed parameters, related to the transmission line satisfy a criterion (e.g. the parameters are higher than
thresholds, meets a boundary condition, or the like).

[0010] Accordingto an embodiment, the method further comprises: determining, based on the adjusted preset setting,
a fault in the transmission line; and controlling, based on the determined fault, the line differential protection system.
According to an embodiment, the controlling the line differential protection system comprises controlling an operation
of the line differential protection system.

[0011] Accordingto an embodiment, the method further comprises: sensing at least one second parameter at a second
end of the transmission line, wherein the sensed at least one first parameter is or comprises a single-phase current
through the first end and the sensed at least one second parameter is or comprises a single-phase current through the
second end; determining, based on the sensed at least one first parameter and the sensed at least one second parameter,
a differential current; sensing a current through a shunt component connected to the transmission line, in particular at
the first end of the transmission line; and determining, based on the determined differential current and the sensed
current through the shunt component, the abnormal operation condition.

[0012] According to an embodiment, the electrical power system comprises the shunt component electrically coupled
to the transmission line, in particular at a first end of the transmission line. According to an embodiment, the shunt
component is a shunt reactor.
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[0013] According to an embodiment, the at least one second parameter is at least one of individual phase (e.g. phase-
A, phase-B, phase-C, and so forth) current through the second end of the transmission line.

[0014] According to an embodiment, the abnormal operation condition is determined when the determined differential
current and the sensed current through the shunt component increase simultaneously.

[0015] According to an embodiment, the sensed at least one first parameter is a voltage at the first end and wherein
the determining the abnormal operation condition is or comprises comparing the sensed at least one first parameter to
a preset value.

[0016] According to an embodiment, the sensed at least one first parameter is or comprises a single-phase current
through the first end and wherein the determining the abnormal operation condition is or comprises comparing the sensed
at least one first parameter to a preset value.

[0017] According to an embodiment, the adjusting the preset setting is or comprises increasing a threshold value of
the preset setting of the line differential protection system.

[0018] According to an embodiment, the method further comprises determining, based on the adjusted preset setting,
an internal fault.

[0019] According to an embodiment, the internal fault occurs within the first end and the second end of the electrical
power transmission line and the external fault occurs outside of the first end and the second end of the electrical power
transmission line.

[0020] According to an embodiment, the method further comprises controlling, based on the determined internal fault,
the line differential protection system, in particular by opening a circuit breaker of the differential protection system, more
particularly the circuit breaker located at a respective ends of the transmission line.

[0021] According to an embodiment, the determining the differential current, the rate of change of the differential
current, and/or the rate of change of the current through the shunt reactor comprises determining root-mean-square
values and/or performing discrete Fourier transformation.

[0022] Accordingtoanembodiment, the increasing the threshold value comprises increasing the threshold value when
the rate of change of both the differential current and the current through the shunt reactor are positive.

[0023] According to an embodiment. the rate of change of the differential current is higher than the first set value and
the rate of change of the current through the shunt reactor is higher than the second set value.

[0024] The presentdisclosure also relates to a device for controlling a line differential protection system for an electrical
power system, the device comprising a processor being configured to: determine, based on at least one first parameter,
an abnormal operation condition; adjust, based on the determined abnormal operation condition, a preset setting of the
line differential protection system; and control, based on the adjusted preset setting, the line differential protection system.
[0025] According to an embodiment, the processor is further configured to: determine, based on the adjusted preset
setting, a fault in the transmission line; and controlling, based on the determined fault, the line differential protection
system. According to an embodiment, the controlling the line differential protection system comprises controlling an
operation of the line differential protection system.

[0026] According to an embodiment, the device further comprises a first sensor configured to sense the at least one
first parameter at a first end of a transmission line of the electrical power system, wherein the sensed at least one first
parameter particularly comprises a single-phase current through the first end.

[0027] According to an embodiment, the device further comprises a second sensor configured to sense at least one
second parameter at a second end of the transmission line, wherein the sensed at least one second parameter is or
comprises a single-phase current through the second end, wherein the sensed at least one first parameter comprises
a current through a shunt component connected to the transmission line, in particular at the first end of the transmission
line; and; and wherein the processor is further configured to: determine, based on the sensed at least one first parameter
and the sensed at least one second parameter, a differential current; and determine, based on the determined differential
current and the sensed current through the shunt component, the abnormal operation condition.

[0028] According to an embodiment, the first sensor and the second sensor are communicatively coupled to each
other and/or to the processor.

[0029] According to an embodiment, the line differential protection system comprises controlled actuatable devices,
including a relay, a current transformer, a voltage transformer, and/or a trip circuit, and/or circuit breakers located at
respective ends (the first end and the second end) of the transmission line and/or the protected portion of the transmission
line. According to an embodiment, the controlling the line differential protection system comprises controlling any com-
bination of the controlled actuatable devices.

[0030] According to an embodiment, the processor is configured to determine the abnormal operation condition when
the determined differential current and the sensed current through the shunt component increase simultaneously.
[0031] According to an embodiment, the sensed at least one first parameter is a voltage at the first end and wherein
the processor is configured to determine the abnormal operation condition by comparing the sensed at least one first
parameter to a preset value.

[0032] According to an embodiment, the sensed at least one first parameter is or comprises a single-phase current
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through the first end and wherein the processor is configured to determine the abnormal operation condition by comparing
the sensed at least one first parameter to a preset value.

[0033] According to an embodiment, the processor is configured to adjust the preset setting by increasing a threshold
value of the preset setting of the line differential protection system.

[0034] The present disclosure further relates to an electrical power system comprising a transmission line and the
device according to any one of the above-described embodiments.

[0035] The following items refer to particular embodiments of the present disclosure:

1. A method for controlling a line differential protection system for a transmission line with a shunt reactor, the system
comprising a first differential protection device located at a first end of a line segment of an electrical power trans-
mission line and a second differential protection device located at a second end of the line segment of the electrical
power transmission line, the method comprising:

measuring, using the first differential protection device and/or the second differential protection device, a first
voltage at the first end and/or a second voltage at the second end;

comparing the measured first voltage to a first set value and/or the measured second voltage to a second set
value; and

adjusting, based on the comparing, a threshold value.

2. The method of item 1, further comprising determining, based on the adjusted threshold value, by the first line
differential protection device and/orthe second line differential protection device, an internal fault.

3. The method of item 2, wherein the internal fault occurs within the first end and the second end of the electrical
power transmission line and the external fault occurs outside of the first end and the second end of the electrical
power transmission line.

4. The method of item 2 or 3, further comprising controlling, based on the determined internal fault, the first differential
protection device and/or the second differential protection device.

5. The method of any one of items 1 to 4, wherein the adjusting the threshold value comprises increasing the
threshold value when the measured first voltage is higher than the first set value and/or the measured second voltage
is higher than the second set value.

[0036] Various exemplary embodiments of the present disclosure disclosed herein are directed to providing features
that will become readily apparent by reference to the following description when taken in conjunction with the accom-
panying drawings. In accordance with various embodiments, exemplary systems, methods, and devices are disclosed
herein. It is understood, however, that these embodiments are presented by way of example and not limitation, and it
will be apparent to those of ordinary skill in the art who read the present disclosure that various modifications to the
disclosed embodiments can be made while remaining within the scope of the present disclosure.

[0037] Thus, the present disclosure is not limited to the exemplary embodiments and applications described and
illustrated herein. Additionally, the specific order and/or hierarchy of steps in the methods disclosed herein are merely
exemplary approaches. Based upon design preferences, the specific order or hierarchy of steps of the disclosed methods
or processes can be re-arranged while remaining within the scope of the present disclosure. Thus, those of ordinary
skill in the art will understand that the methods and techniques disclosed herein present various steps or acts in a sample
order, and the present disclosure is not limited to the specific order or hierarchy presented unless expressly stated
otherwise.

[0038] The above and other aspects and their implementations are described in greater detail in the drawings, the
descriptions, and the claims.

Description of the Drawings
[0039]
FIG. 1 illustrates a flow chart of the method according to an embodiment of the present disclosure.

FIG. 2 illustrates a system overview of the considered electrical power system according to an embodiment of the
present disclosure.
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FIG. 3 illustrates an exemplary combination of exemplary criteria used in preset setting adjustment of the method
according to an embodiment of the present disclosure.

FIG. 4 illustrates three-phase measurements obtained during an external fault according to an embodiment of the
present disclosure.

FIG. 5 illustrates amplitudes of the measured three-phase currents according to an embodiment of the present
disclosure.

FIG. 6 illustrates an operational characteristics of a conventional line differential protection.

FIG. 7a) and FIG. 7b) illustrate measurements during different operation conditions according to an embodiment of
the present disclosure.

FIG. 8a) to FIG. 8d) illustrate measurement results at various measurement points along the transmission line
illustrated in FIG. 1.

FIG. 9 illustrates a flow chart of the method according to an embodiment of the present disclosure.

FIG. 10a) and FIG. 10b) illustrate measurements and computed parameters of a single phase signal during different
operation conditions.

FIG. 11a) and FIG. 11b) illustrate a device and an electrical power system according to embodiments of the present
disclosure.

[0040] FIG. 1illustrates a flow chart of the method according to an embodiment of the present disclosure. A first block
S101 performs the sensing at least one first parameter at a first end of a transmission line of the electrical power system.
A second block S102 performs the determining, based on the sensed at least one first parameter, an abnormal operation
condition. A third block S103 performs the adjusting, based on the determined abnormal operation condition, a preset
setting of the line differential protection system. A fourth block S104 performs the controlling, based on the adjusted
preset setting, the line differential protection system.

[0041] According to an embodiment an abnormal condition is or comprises any operating condition deviating from a
normal operating condition, in particular caused by a phenomenon different from a fault, more particularly a short-circuit
fault or an electrical-grounding fault. According to an embodiment, an abnormal operating condition is or comprises an
operating condition caused by an open circuit of the transmission line or at least one of phases carried on the transmission
line, in particular the open circuit is caused by a switching element, more particularly the open circuit occurs outside of
a protected portion of the transmission line.

[0042] According to an embodiment, the line differential protection system remains stable, inaction, held off, or any of
the equivalent action, in particular when the abnormal operation is detected, more particularly when the operating
condition is determined to be caused by the open circuit of the transmission line or at least one of phases carried on the
transmission line. According to an embodiment, the line differential protection system is triggered when the abnormal
operation is detected.

[0043] According to an embodiment, the at least one first parameter is received. It is understood by the skilled person
that the wording 'sending’ may hold the same meaning, thusly may be used interchangeably with, 'obtaining’, 'measuring’,
or the like. Similarly, the wording ‘determining’ may be used interchangeably with, ‘detecting’, ’establishing’, or the like.
[0044] According to an embodiment, a segment of the transmission line between the first end and the second end is
protected by the line differential protection system.

[0045] According to an embodiment, the at least one first parameter is at least one of individual phase (e.g. phase-A,
phase-B, phase-C, and so forth) current through the first end of the transmission line. According to an embodiment, the
at least one first parameter is a voltage sensed at the first end of the transmission line.

[0046] According to an embodiment, the abnormal operation condition comprises any form of deviation from a normal
operation in parameters, in particular the sensed parameters, related to the transmission line to be protected. According
to an embodiment, the abnormal operating condition is an indicator that there is no fault within and/or outside of the
protected portion of the transmission line. According to an embodiment, a fault is determined when the parameters, in
particular the sensed parameters, related to the transmission line satisfy a criterion (e.g. the parameters are higher than
thresholds, meets a boundary condition, or the like).

[0047] According to an embodiment, the method further comprises: determining, based on the adjusted preset setting,
a fault in the transmission line; and controlling, based on the determined fault, the line differential protection system.
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According to an embodiment, the controlling the line differential protection system comprises controlling an operation
of the line differential protection system.

[0048] Accordingto an embodiment, the method further comprises: sensing at least one second parameter at a second
end of the transmission line, wherein the sensed at least one first parameter is or comprises a single-phase current
through the first end and the sensed at least one second parameter is or comprises a single-phase current through the
second end; determining, based on the sensed at least one first parameter and the sensed at least one second parameter,
a differential current; sensing a current through a shunt component connected to the transmission line, in particular at
the first end of the transmission line; and determining, based on the determined differential current and the sensed
current through the shunt component, the abnormal operation condition.

[0049] According to an embodiment, the electrical power system comprises the shunt component electrically coupled
to the transmission line, in particular at a first end of the transmission line. According to an embodiment, the shunt
component is a shunt reactor.

[0050] According to an embodiment, the at least one second parameter is at least one of individual phase (e.g. phase-
A, phase-B, phase-C, and so forth) current through the second end of the transmission line.

[0051] According to an embodiment, the abnormal operation condition is determined when the determined differential
current and the sensed current through the shunt component increase simultaneously.

[0052] According to an embodiment, the sensed at least one first parameter is a voltage at the first end and wherein
the determining the abnormal operation condition is or comprises comparing the sensed at least one first parameter to
a preset value.

[0053] According to an embodiment, the sensed at least one first parameter is or comprises a single-phase current
through the first end and wherein the determining the abnormal operation condition is or comprises comparing the sensed
at least one first parameter to a preset value.

[0054] According to an embodiment, the adjusting the preset setting is or comprises increasing a threshold value of
the preset setting of the line differential protection system.

[0055] According to an embodiment, the method further comprises determining, based on the adjusted preset setting,
an internal fault or an external fault.

[0056] According to an embodiment, the internal fault occurs within the first end and the second end of the electrical
power transmission line and the external fault occurs outside of the first end and the second end of the electrical power
transmission line.

[0057] According to an embodiment, the method further comprises controlling, based on the determined internal fault,
the line differential protection system, in particular by opening a circuit breaker of the differential protection system, more
particularly the circuit breaker located at a respective end of the transmission line.

[0058] FIG. 2 illustrates a system overview of the considered electrical power system according to an embodiment of
the present disclosure. In particular, the illustrated system considers an offshore windfarm application, wherein a wind
turbine generator 201 is connected to a grid source 202 via a long cable. The long cable is represented by electrical
equivalent components of segments including a first cable segment 211 and a second cable segment 212 and buses
251, 252, and 253. In this exemplary embodiment, = the second cable segment 212 is to be protected. The second
cable segment 212 may be an electrical model, in particular animpedance, of the transmission line between measurement
points 243 and 244, or between buses 252 and 253. A fault occurring within the second cable segment 212 is defined
as an internal fault, in particular within the second cable segment 212. The first cable 211 is also to be protected. The
first cable segment 211 may be an electrical mode, in particular an impedance, of the transmission line between meas-
urement points 241 and 242, or between buses 251 and 252. A fault occurring within the first cable segment 211 is
defined as an internal fault, in particular within the first cable segment 211. According to an embodiment, a fault occurring
within the first segment 211 and/or the second segment 212 are defined as an internal fault, in particular the internal
fault of the transmission line. According to an embodiment, all segments of the long cable are to be protected and thusly
a fault occurring within at least one of the cable segments (cable 211 or cable 212), also referred to as the protected
segments, is defined as an internal fault for the corresponding line differential protection systems. It is understood by
the skilled person that the above mentioned protected segments may not be limiting to two segments and the transmission
line may further comprise further protected segments. It is understood by the skilled person that the first cable segment
211 can be modeled as an ideal transmission line with a first leakage capacitor connecting the first cable segment 211
of the transmission line to the electrical ground and similarly, the second cable segment 212 can be modeled as an ideal
transmission line with a second leakage capacitor connecting the second cable segment 212 of the transmission line to
the electrical ground. According to an embodiment, the first and the leakage capacitors are shunt capacitors. The system
200 further comprises inductive components 221, 222, and 223 which electrically connect various points of the long
cable to the electrical ground. The system further comprises a circuit breaker 231 to electrically connect or disconnect
the grid source 202 from the long cable. Various measurement points 241, 242, 243, and 244 along the long cable line
are indicated with block dots. Further measurement points 247, 248, and 249 are indicated with black dots and measure
the current through the inductive components 221, 222, and 223, respectively. It is understood by the skilled person that
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the inductive components 221, 222, and 223 may be shunt reactors which may be used to stabilize the voltage across
long cable over different load conditions. The shunt reactor may be used to compensated capacitive leakage currents,
so as to keep the voltage along the transmission line to be in the reasonable ranges to avoid possible overvoltage during
energization of long cable line. The location of shunt reactors is normally dependent on the control convenience and
service easiness for utility personals. A first current, /4, is @ sum of the current, measured at a fourth measurement
point 244, through the third inductive component 223 measured at point 249 and the current entering cable 2 from the
grid side 202. A second current, 13, enters the second cable segment 212 from the first cable segment 211 and is
observed at a third measurement point 243. According to an embodiment, the second current is a sum of the current
measured at a second measurement point 242 and the current through the second inductive component 222 measured
at 248. According to an embodiment, the fourth measurement point 244 is the first end of the long cable and the at least
one first parameter is or comprises the first current /4. According to an embodiment, the third measurement point 243
is the second end of the long cable and the at least one second parameter is or comprises the second current 13.
According to an embodiment, the first measurement point 241 is the second end of the long cable and the at least one
second parameter is or comprises the current through the first measurement point 241.

[0059] A differential current /s and a restrain current /. are computed based on 13 and /4,4 as follows:

Lres = |I3| + |I4grid| (1)

Luipr = |13 + 14gria| (2)

[0060] Conventionally, a line differential protection discriminates, or equivalently determines, a fault by subtracting
weighted /5 from I+ and compare to a threshold value as follows:

Lyipr = @ X Lgs > Iy, (3)

, wherein I, and a denote a threshold current and a restrained coefficient, respectively. Iy, may be different for different
cable segments of the transmission line. When the criterion ofeq.(3) is satisfied, the conventional line differential protection
determines the fault to be an internal fault and controls the line differential protection system, e.g. trips an associated
circuit breaker through the differential protection relay..

[0061] Whenanon-internal faultoccurs, in particular when the circuitbreaker 231 opens, i.e. the long cable is electrically
disconnected from the grid source 202, the differential current / ;and/or the restrain current /o5 vary in a similar manner
as an internal fault. In particular, for the long cable connected line, once the circuit breaker 231 is closed, i.e. the long
cable is electrically connected to the grid 202, the line inductive current is equal to zero. On the other hand, when the
circuit breaker 231 opens, the initial electro-magnetic field energy stored in the line is transferred to an electric field as
a capacitor current, so that the total line capacitor current along the line may be increased. Consequently, the line voltage
at the fourth measurement point 244 increases, e.g.) by a factor of 2, such phenomenon is herein referred to as an
overvoltage. The overvoltage may be dampened over time, i.e. the magnitude decreases over time, and the overvoltage
may occur at various measurement points 241, 242, 243, and/or 244. As a result, the current through the leakage
capacitor of the second line segment 212, herein referred to as a second capacitive leakage current, increases and
simultaneously the current through the third inductive component 223, herein referred to as a third shunt reactor current,
increases due to the said overvoltage. The current through various measurement points 241, 242, 243, and/or 244 may
also increase as a result of the overvoltage. The differential currents measured both for cable segments 211 and 212
increase. In such case, the increase of second capacitive leakage current yields the differential current /;and/or the
restrain current /o4 to vary from a normal operation, i.e. in the absence of faults, in a similar manner as said currents
would vary in an internal fault. Consequently, a conventional line differential protection may determine, by evaluating
the criterion of eq.(3), the fault to be an internal fault and accordingly issue a tripping of the associated circuit breakers.
Thus, it is proposed to evaluate at least one criterion other than the criterion of eq.(3) and adjust the threshold current
of eq.(3) accordingly. For simplicity, the capacitive components coupling the long cable to the ground potential are
omitted. The capacitive leakage current is conducted through the omitted capacitive components. That s, the capacitive
leakage current along the cable line may be distributed along the whole cable line through distributed line to ground
capacitances which are not shown here in figure 2.

[0062] FIG. 3 illustrates an exemplary combination of exemplary criteria used in preset setting adjustment of the
method according to an embodiment of the present disclosure. The method evaluates a first criterion 301, a second
criterion 302, and a third criterion 303. The results of the three criteria 301 to 303 are combined using an ’OR’ operator
320 to adjust a preset setting.
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[0063] The first criterion 301 evaluates the following voltage condition:

Vph > Vsetting (4)

, wherein V,,;, and Vg, denote the voltage measurements at the fourth measurement point 244 and a voltage setting,
respectively. Thatis, the first criterion 301 monitors the fourth measurement point 244 to detect any overvoltage. According
to an embodiment, the overvoltage is caused by the opening of the circuit breaker 231. According to an embodiment,
the overvoltage is caused by an electrical disturbance different from the opening of the circuit breaker 231.

[0064] The second criterion 302 evaluates the rate of changes of the /and the third shunt reactor current /g, through
the third inductive component 223. In particular, the second criterion 302 evaluates the simultaneous increase in /
and /g,. According to an embodiment, a stream of data is evaluated with a moving window to determine the simultaneous
increase. According to an embodiment, the following conditions are evaluated:

dlyipp (t) 50

It (5)

dl,(t
sr()>0

7 (6)
[0065] . Thatis, the second criterion 302 monitors the overvoltage or a large charging current (e.g. |_charge > 1500
A). According to an embodiment, the overvoltage and/or the large charging current is caused by the opening of the circuit
breaker 231. According to an embodiment, the overvoltage and/or the large charging current is caused by an electrical
disturbance different from the opening of the circuit breaker 231.
[0066] The third criterion 303 evaluates the following condition:

Olph X Iph ~ () (7)

, Wherein g, denotes a multiplication constant (e.g. a,, = 3) and I, denotes the second at least one current, /gy.
That is, the third criterion 303 monitors an electrical disconnection at the node to which the grid source 202 side is
connected. According to an embodiment, the electrical disconnection is caused by the opening of the circuit breaker
231. According to an embodiment, the electrical disconnection is caused by an electrical disturbance different from the
opening of the circuit breaker 231.

[0067] Itis understood by the skilled person that once any one of the criteria 301, 302, and 303 is satisfied, an abnormal
operation condition is determined. The method adjusts, based on the results of said criteria 301 to 303 and using the
"OR’ operator 320, the preset setting. According to an embodiment, the adjusting the preset setting comprises adjusting
values of the multiplication constant eand/or the threshold current /, of eq.(3). According to an embodiment, the adjusting
the preset setting may be based on any one of the said criteria or any combination of the said and/or any other criteria,
in particular using at least one of '"AND’ and/or 'OR’ operators. According to another embodiment, the said criteria are
evaluated in sequence and/or in parallel, so as to form any possible combination of an algorithmic hierarchy.

[0068] Accordingto an embodiment, at least one of currents through the at least one inductive component, in particular
a shunt reactor, is used in at least one of the criteria 301, 302, or 303 for adjusting the preset setting.

[0069] FIG. 4 illustrates three-phase measurements obtained during the normal load condition (t<2.5 seconds) period
and opening of the circuit breaker 231 (t>=2.5 seconds) period according to an embodiment of the present disclosure.
In particular, a first subplot 411 is a plot of 3-phase current measurement over time obtained at the fourth measurement
point 244. A second subplot 412 is a plot of 3-phase voltage measurement over time obtained at a fourth measurement
point 244. More particularly, the measurements in said subplots 411 and 412 are obtained within a time window, during
which the circuit breaker 231 is opened, i.e. the long cable is electrically disconnected from the grid 202 at t= 2.5 s.
When the circuit breaker 231 opens at t= 2.5 s, the overvoltage is observed for all monitored 3-phases at the fourth
measurement point 244. Consequently, the amplitude of the current at the fourth measurement point 244 converges
approximately to zero, as illustrated in the first subplot 411.

[0070] FIG. 5 illustrates amplitudes of the measured differential currents in each phase during normal load condition
and during opening of circuit breaker 231 period according to an embodiment of the present disclosure. In particular,
FIG. 5illustrates the amplitudes of the differential currents for individual phases A, B, and C. The said differential currents
are computed based on the measurements obtained within a time window, during which the circuit breaker 231 is opened,
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i.e. the long cable is electrically disconnected from the grid 202, at =100 ms. It can be noticed that before the opening
of circuit breaker 231 (<100 ms), the differential currents in each phase are below 1000 A and the measured differential
currents in each phase increase more than 2500 A after the opening of circuit breaker 231 (t>100ms).

[0071] FIG. 6 illustrates an operational characteristics of a conventional line differential protection. The y-axis of the
figure is an operating current, /5p (t), and denotes a time varying differential current subtracted by the pre-fault differential
current /g oro-fau- COMputed as follows:

Top (©) = Lairp(t) — luifrpre—faut (8

, and the x-axis of the figure is the /... The boundary 610 splitting the current plane into an operation region 630 and
a non-operation region 640, is referred to as a percentage restrained differential protection operation characteristic. The
data points 620 are the values of the /; measured over a time window, during which the circuit breaker 231 is opened,
i.e. the long cable is electrically disconnected from the grid 202. The data points 620 eventually cross the boundary 610
and enters the operation region 630, in which case an internal fault is determined and a trip signal is issued, using a
conventional line differential protection.

[0072] FIG.7a)and FIG. 7b)illustrate measurements during different operation conditions according to an embodiment
of the presentdisclosure. In particular, a first subplot 710 illustrates root mean squared, rms, values 711 of the differential
currents [ ;measured for a set measurement period, during which a circuit breaker 231 is opened at t=100ms, wherein
the rms values 711 of the differential currents /;is computed as follows:

1 t2 )

, wherein t2-t1= T which denotes a fundamental power period of the considering system (the fundamental power
frequency is 50 Hz for Europe and 60 Hz for the United States, thus T= 20ms and T=16.67ms, for Europe and the United
States, respectively). A second subplot 720 of FIG. 7a) illustrates root mean squared, rms, values 721 of the third shunt
reactor current /5, measured for a set measurement period, during which a circuit breaker 131 is opened at t=100ms,
wherein the rms values 721 of the third shunt reactor current /,, as follows:

t2

1
- ft Rt (10)

STrms

[0073] . A third subplot 730 illustrates root mean squared, rms, values 731 of the differential currents / ;z measured
for a set measurement period, during which an internal fault is occurred t=7100ms, wherein the rms values are computed
according to eq.(9). A fourth subplot 740 illustrates root mean squared, rms, values 741 of the third shunt reactor current
I, measured for a set measurement period, during which an internal fault is occurred t=100ms, wherein the rms values
are computed according to eq.(10). The arrows in the subplots 710, 720, 730, and 740 represents the polarity of the
time derivative of each of the parameters 711, 721, 731, and 741, in particular for a short time period after either an
internal fault occurs, or a circuit breaker opens. As evident from the first subplot 710 and the second subplot 720, the
time derivates of the parameters 711 and 721 are positive, indicated by the arrows pointing diagonally upwards due to
an overvoltage at the fourth measurement point 244. However, the time derivative of the differential current 731 in the
third subplot 730 is positive whereas the time derivative of the third shunt reactor current /. 741 in the fourth subplot
740 is negative, indicated by the arrow pointing diagonally downwards due to a voltage drop at the fourth measurement
point 244. Thus, in case FIG. 7a) is observed, the abnormal operation is determined. Accordingly, preset setting of the
line differential protection system may be adjusted.

[0074] FIG. 8a) to FIG. 8d) illustrate measurement results at various measurement points along the transmission line
illustrated in FIG. 2. In particular, FIG. 8a) to FIG. 8d) illustrate the amplitude of the currents of three phases flowing
through the first, the second, the third, and the fourth measurement points 241, 242, 243, and 244, respectively. The
said measured currents are measured for a time period, during which the circuit breaker 231 is opened at {=100ms. As
evident from FIG. 8d), the amplitude of the currents of three phases measured at the fourth measurement position 244
converges close to zero shortly after (e.g. approximately 25ms) the circuit breaker 231 opens. Accordingly, the third
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criterion 303 may be used to evaluate the current through the fourth measurement point 244, based on which the preset
setting may be adjusted according to the embodiment illustrated in FIG. 3.

[0075] FIG. 9illustrates a flow chart of the method according to an embodiment of the present disclosure. In particular,
the flow chart of FIG. 9 illustrates an alternative method to adjust the preset setting. A first block S901 computes rms
values of the / ;and the /g, ,,; according to eq.(9) and eq.(10), respectively. The first block S901 further computes rms

values of a current sum, /., as follows:

1
Isumrms(t) = Tflszum(t) dt (11)
T

, Wherein the current, /., is computed as follows:

lsum (£) = |1din5t(t) + Ishunt(t)| (12)

, whereinly, andthe /g, ,,;denote the second capacitive leakage currentand the third shuntreactor current, respectively.
A second block $902 evaluates whether the sample value of the I at the k" sample index is bigger than a preset
value, set1, and returns to the first block S901 when the evaluation yields false or proceeds to a third block S903 when
the evaluation yields true. The third block S903 evaluates whether the sample value of the /g, .. at the k" index is
bigger than a preset value, set2, and returns to the first block S901 when the evaluation yields false or proceeds to a
fourth block S904 when the evaluation yields true. The fourth block S904 evaluates whether the sample value of the
Isum,ms @t the ki sample index is smaller than a preset value, set3, and returns to the first block S901 when the evaluation
yields false or proceeds to a fifth block S905 when the evaluation yields true. The block S904 adjusts the preset setting.
[0076] Itis understood by the skilled person that the flow chart illustrated in FIG. 9 is merely an exemplary embodiment
illustrating sequential decisions and that the blocks S902, S903, and S904 may form any algorithmic hierarchy, i.e. any
one of said blocks S902, S903, and S904 may be performed alone or in any combination of said blocks S902, S903,
and S904 in sequence and/or in parallel, in particular using '"AND’ and/or 'OR’ logical operators. According to an em-
bodiment, the second block S902 and the third block S903 correspond to the second criterion 302 and that the fourth
block S904 is a further criterion to be evaluated, before adjusting the preset setting. According to an embodiment, the
preset setting is adjusted S905 without evaluating at least one of the bocks S902, S903, or S904.

[0077] FIG. 10a) and FIG. 10b) illustrate measurements and computed parameters of a single-phase signal during
different operation settings.

[0078] In particular, FIG. 10a) illustrates a first subplot 1010, a second subplot 1020, and a third subplot 1030. The
first subplot 1010 illustrates a phase-A current through the third measurement point 243 and the fourth measurement
point 244, obtained in a time window during which a circuit breaker opens. A second subplot 1020 illustrates phase-A
lgsp s @nd I, according to eq.(12) obtained and computed within a time window during which a circuit breaker opens.
A third subplot 1030 illustrates phase-A [y, - -according to eq.(11) and rms values of the phase-A Iy, .. Iy, e Within
a time window, during which a circuit breaker opens. FIG. 10b) illustrates a fourth subplot 1040, a fifth subplot 1050,
and a sixth subplot 1060 and each subplot 1040, 1050, and 1060 illustrates the respective currents illustrated in the first
subplot 1010, the second subplot 1020, and the third subplot 1030. However, in contrary to the subplots 1010, 1020,
and 1030 of FIG. 10a), the subplots 1040, 1050, and 1060 of FIG. 10b) are obtained within a time window during which
an internal fault occurs at.

[0079] As evident from the third subplot 1030, the amplitude of the /g, increases shortly after the circuit breaker
231 opens and approximately follows the current profile of the Id,.nstrms. In contrary, as illustrated in the sixth subplot 1060,
shortly after an internal fault, the amplitude of the /g, .ms does not increase in comparison to the Ig,,,, - after the opening
of the circuit breaker 231. Thus, the block S904 may be used, the result of which is used to adjust the preset setting.
According to an embodiment, the measured differential current, /4 in three phase transmission line is the second
capacitive leakage current and flows in the opposite direction as the third shunt reactor current /. under normal operation,
i.e. in the absence of a fault. In contrast, during fault conditions, the measured differential current, / ;¢ is an inductive
featured current which flows in the same direction as the third shunt reactor current /. Such observation allows for the
block S904 to be used as a conditional statement to be evaluated, the result of which is used to adjust the preset setting.
[0080] According to an embodiment, another criterion comprising rms values of the charging current /oy4/ging, s 1S
evaluated as follows:
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Ichargingrms(t) > Icharging,th (13)

, Wherein Ioparging th IS @ threshold current and the | is computed as follows:

chargingrms

ICharginQrms,pre—fault X Vlocalrms

Ichargingrms(t) = (13)

localyms pre—fault

» Wherein lopargingms pre-fault Viocalms' @9 Viocalms pre-raur 9€NOtE @ rms of the charging current measured priorto the fault
instance, a rms of the local voltage, and a rms value of the local voltage prior to the fault instance. According to an
embodiment, when the circuit breaker 231 opens, the measured capacitive charging current is an actual differential
current, /¢ as there is no internal fault in the line. Thus, the / increases linearly with the V/,.,, . according to
eq.(13). That is, when the condition of eq.(13) is true.

[0081] FIG. 11a)and 11b) illustrate a device and an electrical power system according to embodiments of the present
disclosure. In particular, FIG. 11a) illustrates a device according to an embodiment of the present disclosure. The device
1110is a device for controlling a line differential protection system for an electrical power system and the device comprises
aprocessor 111. FIG. 11b) illustrates an electrical power system according to an embodiment of the present disclosure.
The electrical power system 1100 comprises a transmission line 1120 being protected by the line differential protection
system controlled by the device 1110 comprising a processor 1111 being configured to perform any one of the above-
described embodiments.

[0082] According to an embodiment, the processor is configured to: determine, based on at least one first parameter,
an abnormal operation condition; adjust, based on the determined abnormal operation condition, a preset setting of the
line differential protection system; and control, based on the adjusted preset setting, the line differential protection system.
[0083] According to an embodiment, the processor is further configured to: determine, based on the adjusted preset
setting, a fault in the transmission line; and controlling, based on the determined fault, the line differential protection
system. According to an embodiment, the controlling the line differential protection system comprises controlling an
operation of the line differential protection system.

[0084] According to an embodiment, the device further comprises a first sensor configured to sense the at least one
first parameter at a first end of a transmission line of the electrical power system, wherein the sensed at least one first
parameter particularly comprises a single-phase current through the first end.

[0085] According to an embodiment, the device further comprises a second sensor configured to sense at least one
second parameter at a second end of the transmission line, wherein the sensed at least one second parameter is or
comprises a single-phase current through the second end, wherein the sensed at least one first parameter comprises
a current through a shunt component connected to the transmission line, in particular at the first end of the transmission
line; and; and wherein the processor is further configured to: determine, based on the sensed at least one first parameter
and the sensed at least one second parameter, a differential current; and determine, based on the determined differential
current and the sensed current through the shunt component, the abnormal operation condition.

[0086] According to an embodiment, the first sensor and the second sensor are communicatively coupled to each
other and/or to the processor.

[0087] According to an embodiment, the line differential protection system comprises controlled actuatable devices,
including a relay, a current transformer, a voltage transformer, and/or a trip circuit and/or circuit breakers located at
respective ends (the first end and the second end) of the transmission line and/or the protected portion of the transmission
line. According to an embodiment, the controlling the line differential protection system comprises controlling any com-
bination of the controlled actuatable devices.

[0088] According to an embodiment, the processor is configured to determine the abnormal operation condition when
the determined differential current and the sensed current through the shunt component increase simultaneously.
[0089] According to an embodiment, the sensed at least one first parameter is a voltage at the first end and wherein
the processor is configured to determine the abnormal operation condition by comparing the sensed at least one first
parameter to a preset value.

[0090] According to an embodiment, the sensed at least one first parameter is or comprises a single-phase current
through the first end and wherein the processor is configured to determine the abnormal operation condition by comparing
the sensed at least one first parameter to a preset value.

[0091] According to an embodiment, the processor is configured to adjust the preset setting by increasing a threshold
value of the preset setting of the line differential protection system.

[0092] In the following, exemplary embodiments of the disclosure will be described. It is noted that some aspects of
any one of the described embodiments may also be found in some other embodiments unless otherwise stated or

chargingrms

1"



10

15

20

25

30

35

40

45

50

55

EP 4 333 228 A1

obvious. However, for increased intelligibility, each aspect will only be described in detail when first mentioned and any
repeated description of the same aspect will be omitted.

[0093] While various embodiments of the present disclosure have been described above, it should be understood that
they have been presented by way of example only, and not by way of limitation. Likewise, the various diagrams may
depict an example architectural or configuration, which are provided to enable persons of ordinary skill in the art to
understand exemplary features and functions of the present disclosure. Such persons would understand, however, that
the present disclosure is not restricted to the illustrated example architectures or configurations, but can be implemented
using a variety of alternative architectures and configurations. Additionally, as would be understood by persons of ordinary
skillinthe art, one or more features of one embodiment can be combined with one or more features of another embodiment
described herein. Thus, the breadth and scope of the present disclosure should not be limited by any of the above-
described exemplary embodiments.

[0094] Itis also understood that any reference to an element herein using a designation such as "first," "second," and
so forth does not generally limit the quantity or order of those elements. Rather, these designations can be used herein
as a convenient means of distinguishing between two or more elements or instances of an element. Thus, a reference
to first and second elements does not mean that only two elements can be employed, or that the first element must
precede the second element in some manner.

[0095] Additionally, a person having ordinary skill in the art would understand that information and signals can be
represented using any of a variety of different technologies and techniques. For example, data, instructions, commands,
information, signals, bits and symbols, for example, which may be referenced in the above description can be represented
by voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or particles, or any combination
thereof.

[0096] A skilled person would further appreciate that any of the various illustrative logical blocks, units, processors,
means, circuits, methods and functions described in connection with the aspects disclosed herein can be implemented
by electronic hardware (e.g., a digital implementation, an analog implementation, or a combination of the two), firmware,
various forms of program or design code incorporating instructions (which can be referred to herein, for convenience,
as "software" or a "software unit"), or any combination of these techniques.

[0097] To clearly illustrate this interchangeability of hardware, firmware and software, various illustrative components,
blocks, units, circuits, and steps have been described above generally in terms of their functionality. Whether such
functionality is implemented as hardware, firmware or software, or a combination of these techniques, depends upon
the particular application and design constraints imposed on the overall system. Skilled artisans can implement the
described functionality in various ways for each particular application, but such implementation decisions do not cause
a departure from the scope of the present disclosure. In accordance with various embodiments, a processor, device,
component, circuit, structure, machine, unit, etc. can be configured to perform one or more of the functions described
herein. The term "configured to" or "configured for" as used herein with respect to a specified operation or function refers
to a processor, device, component, circuit, structure, machine, unit, etc. that is physically constructed, programmed
and/or arranged to perform the specified operation or function.

[0098] Furthermore, a skilled person would understand that various illustrative methods, logical blocks, units, devices,
components and circuits described herein can be implemented within or performed by an integrated circuit (IC) that can
include a general purpose processor, a digital signal processor (DSP), an application specific integrated circuit (ASIC),
a field programmable gate array (FPGA) or other programmable logic device, or any combination thereof. The logical
blocks, units, and circuits can further include antennas and/or transceivers to communicate with various components
within the network or within the device. A general purpose processor can be a microprocessor, but in the alternative,
the processor can be any conventional processor, controller, or state machine. A processor can also be implemented
as a combination of computing devices, e.g., a combination of a DSP and a microprocessor, a plurality of microprocessors,
one or more microprocessors in conjunction with a DSP core, or any other suitable configuration to perform the functions
described herein. If implemented in software, the functions can be stored as one or more instructions or code on a
computer-readable medium. Thus, the steps of a method or algorithm disclosed herein can be implemented as software
stored on a computer-readable medium.

[0099] Computer-readable media includes both computer storage media and communication media including any
medium that can be enabled to transfer a computer program or code from one place to another. A storage media can
be any available media that can be accessed by a computer. By way of example, and not limitation, such computer-
readable media can include RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium that can be used to store desired program code in the form of
instructions or data structures and that can be accessed by a computer.

[0100] Additionally, memory or other storage, as well as communication components, may be employed in embodi-
ments of the present disclosure. It will be appreciated that, for clarity purposes, the above description has described
embodiments of the present disclosure with reference to different functional units and processors. However, it will be
apparent that any suitable distribution of functionality between different functional units, processing logic elements or
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domains may be used without detracting from the presentdisclosure. For example, functionality illustrated to be performed
by separate processing logic elements, or controllers, may be performed by the same processing logic element, or
controller. Hence, references to specific functional units are only references to a suitable means for providing the described
functionality, rather than indicative of a strict logical or physical structure or organization.

[0101] Various modifications to the implementations described in this disclosure will be readily apparent to those skilled
in the art, and the general principles defined herein can be applied to other implementations without departing from the
scope of this disclosure. Thus, the disclosure is not intended to be limited to the implementations shown herein, but is
to be accorded the widest scope consistent with the novel features and principles disclosed herein, as recited in the
claims below.

Claims

1.

A method for controlling a line differential protection system for an electrical power system, the method comprising:

sensing at least one first parameter at a first end of a transmission line of the electrical power system;
determining, based on the sensed at least one first parameter, an abnormal operation condition;

adjusting, based on the determined abnormal operation condition, a preset setting of the line differential pro-
tection system; and

controlling, based on the adjusted preset setting, the line differential protection system.

2. The method of claim 1, further comprising:

determining, based on the adjusted preset setting, a fault in the transmission line; and
controlling, based on the determined fault, the line differential protection system.

3. The method of claim 1 or 2, further comprising:

sensing at least one second parameter at a second end of the transmission line,

wherein the sensed at least one first parameter is or comprises a single-phase current through the first end and
the sensed at least one second parameter is or comprises a single-phase current through the second end;
determining, based on the sensed at least one first parameter and the sensed at least one second parameter,
a differential current;

sensing a current through a shunt component connected to the transmission line, in particular at the first end
of the transmission line; and

determining, based on the determined differential current and the sensed current through the shunt component,
the abnormal operation condition.

The method of claim 3, wherein the abnormal operation condition is determined when the determined differential
current and the sensed current through the shunt component increase simultaneously.

The method of any one of claims 1 to 4, wherein the sensed at least one first parameter is a voltage at the first end
and wherein the determining the abnormal operation condition is or comprises comparing the sensed at least one
first parameter to a preset value.

The method of any one of claims 1 to 5, wherein the sensed at least one first parameter is or comprises a single-
phase current through the first end and wherein the determining the abnormal operation condition is or comprises
comparing the sensed at least one first parameter to a preset value.

The method of any one of claims 1 to 6, wherein the adjusting the preset setting is or comprises increasing a threshold
value of the preset setting of the line differential protection system.

A device for controlling a line differential protection system for an electrical power system, the device comprising a
processor being configured to:

determine, based on at least one first parameter, an abnormal operation condition;

adjust, based on the determined abnormal operation condition, a preset setting of the line differential protection
system; and
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control, based on the adjusted preset setting, the line differential protection system.
The device of claim 8, wherein the processor is further configured to:

determine, based on the adjusted preset setting, a fault in the transmission line; and
controlling, based on the determined fault, the line differential protection system.

The device of claim 8 or 9, further comprising a first sensor configured to sense the at least one first parameter at
a first end of a transmission line of the electrical power system, wherein the sensed at least one first parameter
particularly comprises a single-phase current through the first end.

The device of claim 10, further comprising a second sensor configured to sense at least one second parameter at
a second end of the transmission line,

wherein the sensed at least one second parameter is or comprises a single-phase current through the second
end,

wherein the sensed at least one first parameter comprises a current through a shunt component connected to
the transmission line, in particular at the first end of the transmission line; and

wherein the processor is further configured to:

determine, based on the sensed at least one first parameter and the sensed at least one second parameter, a
differential current; and

determine, based on the determined differential current and the sensed current through the shunt component,
the abnormal operation condition.

The device of claim 11, wherein the processor is configured to determine the abnormal operation condition when
the determined differential current and the sensed current through the shunt component increase simultaneously.

The device of any of claims 10 to 12, wherein the sensed at least one first parameter is a voltage at the first end
and wherein the processor is configured to determine the abnormal operation condition by comparing the sensed
at least one first parameter to a preset value.

The device of any of claims 10 to 13, wherein the sensed at least one first parameter is or comprises a single-phase
current through the first end and wherein the processor is configured to determine the abnormal operation condition

by comparing the sensed at least one first parameter to a preset value.

The device of any of claims 10 to 14, wherein the processor is configured to adjust the preset setting by increasing
a threshold value of the preset setting of the line differential protection system.

An electrical power system comprising a transmission line and the device of any of claims 8 to 15.
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