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(57) Abstract: A method and an apparatus for differential protection of a three phase electric connection of an electric system, the
apparatus comprising: means (10A, 10B) for determining a value of an operate quantity, which operate quantity is based on a dit-
ference between current quantities at a first point and a second point of the electric connection (20), and means (10A, 10B) for de-
tecting a fault in the electric connection (20) between the first point and the second point it the value of the operate quantity ex-
ceeds a value of a predetermined threshold quantity, wherein the operate quantity is based on a difference of residual currents at
the first point and the second point, or a quantity indicative thereof, and a coefficient indicative of an angle between a residual
voltage of the electric connection (20) and the difference of residual currents at the first point and the second point.
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METHOD AND APPARATUS FOR DIFFERENTIAL PROTECTION OF AN
ELECTRIC CONNECTION

FIELD OF THE INVENTION
The present invention relates to differential protection of an electric
connection against earth faults.

BACKGROUND OF THE INVENTION

In principal differential current protection compares measured
currents from the ends of an electric line regarding both the magnitude and the
phase angle. For the operation there must be an interconnecting channel
between the line end relays, over which the interchange of current information
is transferred. According to Kirchhoff's law, when the vector sum of these
currents differs from zero, it indicates a fault in the protected line. Such
differential current protection is the simplest form of line protection typically
requiring only few settings to be entered regarding the characteristic of the
protected line.

Traditionally the line differential current protection has been
implemented according to the phase segregated or the combined sequence
principle. In the phase segregated scheme differential current protective
functions are implemented on per phase-current basis. The phase current
differential computations determine whether a fault has occurred and identify
which phase or phases are involved in the fault. In the combined sequence
scheme, in order to reduce the communication capacity requirements while
maintaining adequate operation speed and reliability of operation, only one
single signal instead of all three phase currents are interchanged between the
line ends. This signal is a proper combination of the line positive-sequence,
negative-sequence and zero-sequence currents. The differential current
computations are then based on this combined sequence current signal.

The basic principle of the phase segregated scheme is that the
differential (operate) quantity in the current differential function is the
magnitude of the phasor summation of the local and remote phase currents.
Thus, the operate quantity is equal to the total fault currents for internal faults
and equal to zero (neglecting line distributed capacitance charging currents)
for external faults. For phase A it can be written:
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]OPPhA = ?LphA +jRphA (eq01)

The scheme must be restrained so that certain level of apparent
operate current resulting from, e.g., CT and other measuring errors that are
proportional to the magnitude of the measured phase currents can be allowed
without the risk of false operation. The restraint (stabilizing) current for phase A
can be calculated, for example, as

,] LphAI + ‘I RphA‘
I RESphd = >

(eq02)

where
7LphA is the local end phasor representing phase current A and

}RphA is the remote end phasor representing phase current A

Equations 01 and 02 assume positive current flow from the busbar
towards the line in both line ends. Similar equations apply for phases B and C.

The scheme can also be based on the combined sequence current,
which is a weighted sum of phase A symmetrical component currents. Let It
represent this combined current and let Cy, C; and Cp represent the weighting
coefficients for positive-, negative-, and zero-sequence components, then It
can be described as

Ir=CL+C,I2+Cylo (eq03)

where 14, I, and Iorepresent phase A positive-sequence, negative-
sequence, and zero-sequence currents, respectively.

For the combined sequence scheme, the operate and restraint
currents can be written in a way similar to the above:

]T()P = leL + —iTRt (eq04)

el

TRES — 2

I (eq05)
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where

I is the local end phasor representing the combined sequence
current and

I 1r is the remote end phasor representing the combined sequence
current.

The operating principle of the traditional solutions in the simplest
form is given by the equation:

Top >k-Ipps +15 (eq06)
where

lop is the calculated operate current,

Ires is the calculated restraint current,

k is the characteristic slope setting and

Ig is the basic start current threshold setting.

The operating criterion states that the higher the restraint current is,
the higher operate current threshold is required to operate the relay. The
correspondence between these two current quantities is given by the slope
setting k.

In general the limit of sensitivity of the traditional schemes is
basically dictated by the amplitude of the charging current of the protected line.
This charging current is due to the distributed capacitance (phase-to-phase
and phase-to-earth capacitance) of the protected line and is seen as apparent
differential current by the relay. As a general rule the setting of the differential
current protection must be such that it overrides the effect of the charging
current. To mitigate this problem some manufacturers have introduced a so
called charging current compensation function to somewhat increase the
sensitivity of the protection. This feature is typically used with phase
segregated schemes and it is well known by various relay manufacturers.
Examples are given in documents: Siemens AG, “SIPROTEC, Line Differential
Protection with Distance Protection 7SD52/53, V 4.60, Manual” and ABB AB
Substation Automation Products, SE-721 59 Véasteras, Sweden, “Application
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manual Line differential protection IED RED 670", December 2007. The main
purpose of the charging current compensation function is to enable adequately
sensitive differential current protection of long transmission lines and cables in
low-impedance or solidly earthed networks, where otherwise the magnitude of
the charging current would require increasing of the basic start current
threshold setting of the traditional schemes too much. The magnitude of the
charging current is directly proportional to the system voltage level and to the
magnitude of the distributed capacitance of the protected line.

In the combined sequence schemes the sensitivity is additionally
affected by the choice of the weighting coefficients. Increasing of weighting
coefficient C, (eq03) can increase the earth fault sensitivity and reduce the
sensitivity difference between three-phase faults and earth faults in cases
where the earth fault current is lower than the three-phase fault current. In
order to increase the sensitivity of earth faults and at the same time to keep the
sensitivity of phase faults unaffected, a non-zero weighting coefficient Cy
(eq03) can be used.

As a general rule, the maximum sensitivity that can be achieved by
the above schemes depends on the setting of the basic start current threshold
level as follows:

No charging current compensation feature in use:
o [g22.5%cHarRGE
Charging current compensation feature in use:

o g2 1.0%cHarcE

where Icarce is the corresponding charge current component of the
protected line calculated according to its positive-, (negative-) or zero-
sequence capacitance depending on the applied scheme.

The fundamental problem of the above schemes when considering
their application in unearthed and compensated networks is that in order to
ensure adequate sensitivity the basic start current threshold setting level would
have to be set well below the charging current of the protected line, and this
cannot be done with the above schemes. It can be said that for that reason
these schemes are not able to detect earth faults, at least not when fault
resistance becomes involved in the fault.
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Therefore, the sensitivity of such traditional solutions is typically
adequate only against short circuit faults and against earth faults in low-
impedance and solidly earthed networks, where the magnitude of earth fault
current is typically always higher than 25 % of the three-phase short circuit
current. Considering earth faults in high-impedance earthed and unearthed
networks, the magnitude of earth fault current can be as low as a few amperes.
It is therefore evident that the traditional solutions cannot be used for earth
fault protection in such networks. However, also selective earth fault protection
is always required for lines where line differential current protection is applied
against short circuits. It would therefore be highly valuable to have a dedicated
differential current protection function with high sensitivity against earth faults.

Figure 1 shows typical network arrangements where line differential
current protection is applied as main protection. As the network arrangements
of Figure 1 are highly meshed and may also contain distributed generation, the
application of the line differential current protection is very well justified, but the
fundamental problem is how to take care of the dedicated earth fault protection
of these lines such that the operation is selective, sensitive and fast enough
despite the changing network configurations due to daily operation.

JP 2002186165 describes a solution to provide a differential current
relay which is fitted to an unearthed system with meshed distribution lines and
which does not need synchronization among data collected at individual
terminals. According to this solution, by determining the sign of the sum of
imaginary parts Im[70aV0a*], i.€. of the product of the zero-sequence current
and the complex conjugate of the zero-sequence voltage, and Im[1 087 05"
based on measurements from line ends A and B, respectively, it can be judged
whether an earth fault occurs in the section between the differential current
relay A and the neighboring differential relay B. A drawback of the described
solution is that it can only be applied in unearthed networks.

BRIEF DESCRIPTION OF THE INVENTION

An object of the present invention is to provide a method and an
apparatus for implementing the method so as to overcome the above problem
or at least to alleviate the problem. The objects of the invention are achieved
by a method, a computer program product and an apparatus which are
characterized by what is stated in the independent claims. The preferred
embodiments of the invention are disclosed in the dependent claims.
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The invention is based on the idea of using an operate quantity
based on a difference of residual currents at the first point and the second
point, or a quantity indicative thereof, and a coefficient indicative of an angle
between a residual voltage of the electric connection and the difference of
residual currents at the first point and the second point.

An advantage of the invention is that the zero-sequence charging
current of the protected line does not limit the sensitivity of the protection
especially in unearthed and in compensated networks. Therefore, high
sensitivity can be obtained, i.e. earth faults with fault resistance can be
detected. The solution of the invention can be used in unearthed and
compensated networks. It can also be used in low impedance and solidly
earthed networks to improve sensitivity in detecting earth faults.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following, the invention will be described in greater detail by
means of preferred embodiments with reference to the accompanying
drawings, in which

Figure 1 shows examples of network arrangements with line
differential current protection;

Figure 2 shows examples of arrangements according to some
embodiments;

Figure 3 shows examples of phasor diagrams according to some
embodiments;

Figure 4 shows an example of a circuit diagram for representing an
earth fault in a connection between stations A and B;

Figure 5 shows an example of a sequence component equivalent
circuit diagram for calculating earth fault quantities in case of fault in a feeder
between stations A and B;

Figure 6 shows magnitudes of residual differential current and the
operate quantity of the protection as a function of fault resistance according to
an embodiment;

Figure 7 shows an example of an operation characteristic according
to an embodiment,;

Figure 8 shows an example of a conversion of an operation
characteristic according to an embodiment; and

Figure 9 shows an example of formation and effect of phase angle
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errors on the measured residual differential current in local and remote
connection ends.

DETAILED DESCRIPTION OF THE INVENTION

The application of the invention is not limited to any specific system,
but it can be used in connection with various three-phase electric systems to
detect a phase-to-earth fault in a three-phase electric connection of an electric
system. The electric connection may be an electric line such as a feeder, for
example, and it may be an overhead-line or a cable or a combination of both.
The electric connection may also be a part of an electric line or comprise
several electric lines connected together. The electric system in which the
invention is implemented can be an electric transmission or distribution
network or a component thereof, for example, and may comprise several
feeders or sections. Moreover, the use of the invention is not limited to
systems employing 50 Hz or 60 Hz fundamental frequencies or to any specific
voltage level. The invention may be used alone or as a complementary
function for the traditional line differential current protection functions.

Figure 2 shows arrangements according to some possible
embodiments. Alternative A shows an arrangement in which an electric
connection 20 is protected by differential protection units 10A+11A+12A and
10B+11B+12B at both ends. The differential protection units in this example
each comprise a standard differential protection unit (3Al>) 11A and 11B, a
directional residual differential current protection unit (Alp>) 10A and 10B, and
a transmitter-receiver unit (Tx/Rx) 12A and 12B. These three units 10A/10B,
11A/11B and 12A/12B may be implemented as one unit or device or as a
system comprising more than one separate unit or device. It is also possible to
combine at least some units of different connection ends into the same
physical unit or device. The ends of the electric connection 20 have been
identified as 'Local End' and 'Remote End'. For the first differential protection
unit 10A, 11A, 12A the 'Local End' is the local end and the 'Remote End' is the
remote end. However, for the second differential protection unit 10B, 11B, 12B
the connection end marked 'Local End' is the remote end and the connection
end marked 'Remote End' is the local end. At each connection end, the
residual current 31o. and 31¢g, the residual voltage Ug.and Ugr and the three
phase currents Ia, Ip, o and Iar, Ior, Ler are preferably determined by the
differential protection unit or units 10A and/or 11A and 10B and/or 11B. It is
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preferably assumed that a positive current flow is from the connection end
towards the connection 20 at both remote and local ends. The current values
are then preferably interchanged between the differential protection units of the
different ends by the transmitter-receiver units 12A and 12B. The residual
voltage is preferably based on local measurement if suitable measurement
transformers are available in both connection ends. Alternatively the residual
voltage measured in one end can be transmitted to the other connection end
using the same communication media/interface as is used for interchanging
the current values. When the solution according to various embodiments of the
invention is implemented as a complementary function for the standard
differential current protection scheme of the connection, as shown in the
examples in Figure 2, requiring already the transfer of the phase current
phasor information between the connection ends, the same already existing
communication media/interface can easily be used/extended for the needs of
this new function. To maximize the sensitivity of the scheme, cable current
transformers (ring core current transformers) are recommended for the
measurement of the residual current. However, the sum connection of phase
current transformers or numerically calculated residual current from phase
currents measured by phase current transformers or Rogowski sensors, for
example, can be used as well. In addition to the current quantities, the residual
voltage of the system is needed. The residual voltage can be measured from
an open delta winding of the voltage transformer, as shown, or it can be
calculated numerically from phase-to-earth voltages measured by voltage
transformers or resistive voltage dividers, for example. The residual voltage
may be determined individually by the differential protection units of different
ends at different points, as shown in alternative A of Figure 2. Alternatively, the
residual voltage may be determined by only one of the two differential
protection units and then transferred to the other differential protection unit, as
shown in alternative B of Figure 2 which otherwise corresponds to alternative A
of Figure 2.

According to an embodiment, the operation of the directional
residual differential current protection unit 10A, 10B is as follows. First, a value
of an operate quantity is determined. The operate quantity is preferably based
on a difference of residual currents at the local end (first point) and the remote
end (second point), or a quantity indicative thereof, and a coefficient indicative
of an angle between a residual voltage of the electric connection 20 and the
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difference of residual currents at the local end and the remote end. According
to an embodiment, the operate quantity /op is defined by the following
equation:

I, = ‘d3jo‘ - gain = l3?01, + 3?01?‘ - gain (eq07)

where

d31, is the residual differential current phasor,

31, is the local end residual current phasor such that a positive
current flow is towards the remote end, and

31.r is the remote end residual current phasor such that a positive
current flow is towards the local end.

If the residual voltage is measured from both ends of the
connection, the gain is for the local end:

gainl. = cos(angle(-50Md3}0)-gob), (eq08a)

and for the remote end:

gainR = cos(angle(- U or/d3 1 0)-). (eq08b)

where

@ is the characteristic angle setting (base angle),
U is the local end residual voltage phasor and
U or is the local end residual voltage phasor.

Typically the polarizing quantity is the residual voltage (-U),
equations 08a and 08b, but alternatively the neutral current measured from the
connection between the neutral point of the incoming transformer and earth
can be used instead.

Alternatively, the polarizing quantity can be measured at one end of
the connection 20 only and then transmitted to the other end. In that case the
gain is calculated using the same equation 08a or 08b at both ends of the
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connection. Thus, if the residual voltage is measured at only one point of the
connection, the gain is:

gain = cos(angle(- U y/d310)-gp), (eq08c)

where
U, is the residual voltage phasor

The choice for the characteristic angle setting, ¢, depends on the
earthing arrangement of the network. Preferably, the characteristic angle is
selected such that the value of the gain during a fault within the protected
connection is as close to unity as possible, which results in best possible
sensitivity of the protection. In a similar manner, the value of the gain during a
fault outside the protected connection should be as close to zero, or even
negative, which results in best possible stability of the protection. Figure 3
shows the calculation principle of the operate quantity lop=abs(d31 9)*gain with
the residual voltage as the polarizing quantity and with three different values of
the characteristic angle setting ¢»: ¢=[0 -30 -90] degrees corresponding to
alternatives a, b and c. According to an embodiment, the characteristic angle
setting is preferably zero degrees for a compensated electric system, -30
degrees for a high-resistance earthed electric system and -90 degrees for an
unearthed electric system. According to an embodiment, the characteristic
angle setting is freely settable between -90 and 90 degrees. The characteristic
angle setting may be set based on an angle between the residual voltage and
the residual current during an earth fault inside the electric connection.

The characteristic angle setting can also be set according to the
determined angle of the total zero-sequence impedance of the sources seen
from the fault point, which can be calculated using general network calculus.
Figure 4 and Figure 5 demonstrate this for a single feeder between stations SA
(Measuring point A) and SB (Measuring point B) during inside fault condition.

Notations used in Figure 5:

L_A/B = positive-sequence current measured from the protected
feeder, local/remote end

fg_A/B = negative-sequence current measured from the protected
feeder, local/remote end
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fo_A/B = zero-sequence current measured from the protected feeder,
local/remote end

Lot = zero-sequence current of the protected feeder

51_NB = positive-sequence voltage of the network, local/remote end
ﬁz_NB = negative-sequence voltage of the network, local/remote
end

EO_A/B = zero-sequence voltage of the network, local/remote end
R fault resistance

?1S_NB = positive-sequence source impedance, local/remote end

Z 2s A = hegative-sequence source impedance, local/remote end
ZOS_A/B = zero-sequence source impedance, local/remote end

7 1. = positive-sequence line impedance

Z 21 = negative-sequence line impedance

Z oL = zero-sequence line impedance

d = fault distance in p.u. from local end

Cobg_as = zero-sequence capacitance of the background network,
local/remote end

Cor = zero-sequence capacitance of the protected feeder

Lcc am = inductance of the compensation coil, local/remote end
Rovg s = resistance corresponding to losses of the background
network, and the parallel resistor of the compensation coil,
local/remote

E1_A/B = source voltage, phase L1, local/remote end

As, during an internal fault, the residual current measurement in

both feeder ends sees only the current supplied from the corresponding
background network, and when neglecting the series impedances, it can be
seen from Figure 5 that

1
1 1
+

Zos 4 Zos B

—EO_A = —_0078 = (370_,4 + 37073 (eq09)

and
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——(_]o_A —EO_B
angle —_— :angle —= | =
3Jo 4+31o 3 3Jo 4+310 3

N1
angl. e((Dl +D2)- j(D3+ D4— D5 - D6)j
where
Nl=ol.. Lo 3Ry 4Rosg »
Dl=wLq. Lee sRosy 5
D2=wL. Lo Ry 4
D3 = LCC_BRobg,ARObg-B
D4 =L 4Ry 4Rog 3
D5 = BC()ZCObg_ALcciALCCABRObg,BRObg—A
D6 =30"Co, sLee sLec sRone sRoss 4

(eq10)

Using eq10 with the following example network parameters, the
corresponding characteristic angle setting can be calculated:

¢ Undercompensated network:
E; = 20/sqrt(3) kV
3lopg o =100 A
3lopg 8 =20 A
3los =10 A
3liec o= 110 A (degree of compensation (110 A/130 A)*100%=85%)
3licc 8= 0 A (no coil in remote end S/S)
3/0RbgA = 0-025*3I0bg_A+10 A=125A
3lorbgs = 0.025*3lppg = 0.5 A

->Lee a=033H, Copg A = 9.19 uF, Ropg 4 = 1.13 kQ
-> LCC_B = 0, CObg_B =1.84 },LF, RObg__B =231 kQ

> ¢, = angle(-Ug al(319 a+31 g)) = -44.2°

e Overcompensated network:
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13
E, = 20/sqrt(3) kV
3lopg A=T0 A
3lopg 8 =20 A
3l0fd =10A
3liec o = 110 A (degree of compensation (110 A/100 A)*100% =
110%)

3licc 8 = 0 A (no coil in remote end S/S)
3/0RbgA = 0.025*3101;9_/\"“1 0A=120A
3I0RbgB = 0.025*3101)9_3 =05A

> Lo 4= 0.33 H, Copg 4= 6.43 pF, Ropg 4 = 1.13 kQ
-> I—cc_B = O, CObg_B = 1.84 },LF, RObg_B =231 kQ

> ¢, = angle(-Ug al(319 4+31 5)) = 62.9°

Conclusion: In this example the angle between the residual voltage
and the residual differential current varies between -44 and 63 degrees
depending on the compensation degree, so the characteristic angle can be set
to zero degrees.

A change in the earthing arrangement of the electric system (e.g.
from compensated to unearthed and vice versa) typically results in a need to
change the characteristic angle setting in both protection units 10A and 10B of
the connection 20. This can be done in a way similar to the traditional
directional earth fault protection relays, e.g. by a binary input, and this
information can be transferred to the local/remote end by the communication
channel between the connection ends.

After the operate quantity has been determined, a fault is detected
in the electric connection between the first point and the second point if the
value of the operate quantity exceeds the value of a predetermined threshold
quantity.

According to an embodiment, the scheme is restrained due to
current transformer and other measurement errors related to the
implementation and hardware. Especially with high through-fault currents,
apparent residual differential current may arise, e.g. during three-phase fault or
a two-phase-to-earth fault. Also in case of parallel lines unequal distribution of
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load current between the phases may generate apparent residual currents in
each connection end despite the measurement method of the residual current.
According to an embodiment, a restraint current /res is preferably calculated
based on phase current magnitudes in each connection end as follows:

?aL + —jaR lij’ + ‘jbR' ?cL + ch

T, Ty
Tpps = 3 (eq11)
where

Tai, Ini, 1o are the phase current phasors of the electric connection
at the first point and

T.r Inr, Icr are the phase current phasors of the electric
connection at the second point.

According to an embodiment, the predetermined threshold quantity
is then:
Powhen Iges < IKNEE_O, and

Po+So*(Ires-Iknee_o) when Ires > Iknee_o,

where
Po, So, Iknee o = predetermined parameters.

Parameter P, defines the basic sensitivity of the protection, and it
may be set on the basis of the real component or the reactive component of
the residual current measured from the ends of the connection 20.

In case of an internal fault the residual differential current as a
function of fault resistance, Ry, can be calculated using general network
calculus. This is the basic method for selecting the setting Py. For example, for
a single line between stations A and B (Figures 4 and 5), eq12 and notations
given in eq10 are valid.



10

15

WO 2011/128184 PCT/EP2011/054304

15

(N1+ N2)— j(N3+ N4 - N5- N6)
(D1+ D2 + D3)— j(D4 + D5~ D6 — D7 — D8)

d3lo = E

where

Nl=oLq ,Lee Ropy 4

N2 = mLCCﬁALCCfBRObg,B

N3=Leo Ry 4Ry 5

N4 =Lcc Ry 4Ry s

N5=30"Cy youlcc sLec pRose 4Rose 5
N6 = 30)2C0_bgBLCC7ALCC73R0bg,ARObng
Dl=R, &Ly 4Lec gRy, 4

D2=R, 0Ly ,Lec Ry 5

D3 =oLq 4Lec 3Ropy 4Rose 5

D4 = Rchc_,ARObg,ARObg,B

D5 = RfLCCVBRObg,ARObng

D6 = 3Rfa)2C07bgALCC_AL(.‘C_BRObg_ARObg‘B
D7 = 3Rfa)2C0_bgBLCCﬁALCCfBRObg,BRObng
D8=3R,0°Cy uLec lce_sRug sRose 4

(eq12)

Using the data from the previous example, and eq07, eq08, eq10
and eq12, the magnitude of the residual differential current and the operate
quantity, /op, can be calculated as a function of fault resistance, when the
characteristic angle has been set to zero degrees. Figure 6 shows the results
in the undercompensated (K=85%) and overcompensated (K=110%) cases.
On the basis of this example, if faults with fault resistance up to 500 Ohms
must be detected, Py must be set to correspond to approximately 6 Amperes of
primary operate current.

In cases where the characteristic angle setting is selected positive,
such as in low-impedance or solidly earthed networks, the setting for Py must
additionally be checked against the zero-sequence charging current supplied
by the protected feeder in case of solid earth fault outside the zone of
protection. The setting Py must then be selected according to eq13:
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P>m- abs(31os) - cos(90° — ®,) (eq13)

where

3141 is the residual current supplied by the protected feeder in case
of outside solid fault (i.e. when R=0 Ohm)

op is the selected characteristic angle setting and

m is the safety margin, preferably higher than or equal to 1.2.

For the setting example above, which is valid for a compensated
network, and calculated according to eq10 and eq12, the additional setting
consideration of eq13 does not set any limitations for selecting Py, as the
characteristic angle setting could be set to zero degrees. Due to this the
operate quantity, /op, goes very close to zero in case of outside fault
independent of the magnitude of the zero-sequence charging current of the
protected feeder. Sy may be set as approximately 50%, for example. Also
Ixnee o may be set and a suitable value may be approximately 1 (per-unit value
where the base value may be the nominal current of the protected connection),
for example.

Thus, according to an embodiment, a fault is detected in the electric
connection between the first point and the second point if:

lop > Py when IressIknee o, and

lop > Po+So*(Ires-Tknee_o) when Ires>lknee o

The above operating characteristic in Ires, lop-plane is represented
in Figure 7, which shows the operate area and non-operate area of the
directional residual differential current protection according to an embodiment.
The sensitivity P is constant up to /res=lknee_o. With higher restraint currents
the sensitivity is affected by the slope setting Sy. The characteristic can also be
represented in ¢, |d31|-plane, as shown in Figure 8.

Depending on the earth fault current levels and the applied
operating speed requirements of the protection, the operation of the protection
may need to be delayed. Therefore, timer functionality (definite time, inverse
time) may be added to the scheme.

After a fault is detected, the directional residual differential current
protection unit 10A, 10B may send an indication or an alarm from the output
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OUT of the connected transmitter-receiver unit 12A, 12B and/or directly control
a circuit breaker or other switching elements of the electric system.

Like all earth fault protection schemes the above solution may be
affected by a possible phase angle error related to the residual current
measurement. Figure 9 shows the formation and the effect of the phase angle
errors in local and remote ends of the connection in case of outside earth fault.
It should be noted that voltage and current signals are in different scale. The
following notations have been used:

Local end:

31y = primary residual current of the local end reduced to the
secondary side

3}0L_sec= secondary residual current of the local end affected by the
phase angle error of the local cable CT (assumed max. 5 degrees)

3R = primary residual current of the remote end reduced to the
secondary side

3}0R_sec_,ece,-ved = secondary residual current of the remote end
affected by the phase angle error of the remote cable CT and the phase angle
error due to communication channel between the line ends (assumed max. 1
degree)

31o. + 3I0r = primary residual differential current reduced to the
secondary side

3}OL_sec + 3?0R_Sec_,ece,-ved = secondary residual differential current
affected by the above phase angle errors

g = resulting phase angle error at the local end

Uy = residual voltage reference

Remote end:

3lr = primary residual current of the remote end reduced to the
secondary side

3}0,;_360 = secondary residual current of the remote end affected by
the phase angle error of the remote cable CT (assumed max. 5 degrees)

370, = primary residual current of the local end reduced to the
secondary side
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3}0L_sec_rece,~ved = secondary residual current of the local end affected
by the phase angle error of the local cable CT and the phase angle error due
to communication channel between the line ends (assumed max. 1 degree)

31 + 3I0r = primary residual differential current reduced to the
secondary side

3?0R_sec + 3?0L_sec_,ece,-ved = secondary residual differential current
affected by the above phase angle errors

¢r = resulting phase angle error at the remote end

U, = residual voltage reference

From Figure 9 it can be seen that with similar high quality cable
current transformers at both ends of the connection the resulting phase angle
error in the measured residual differential current is about the same as that
caused by an individual cable current transformer. Therefore, the use of similar
high quality cable current transformers at both ends of the connection
minimizes the phase angle error due to the measurement inaccuracy of the
current transformers. In order to ensure the stability of the scheme, a settable
angle correction feature is preferable. This feature limits the operation area
seen in the ¢, |d31o-plane from the side which is the most prone to the
instability caused by the phase angle errors. Phase angle correction may be
implemented by a dedicated angle setting, by which the operate area given by
eq07 and eq08 is additionally limited; see Figure 8 for an example, where an
angle correction of 10 degrees is selected (setting AngCor).

An apparatus according to any one of the above embodiments, or a
combination thereof, may be implemented as one unit or as two or more
separate units that are configured to implement the functionality of the various
embodiments. Here the term 'unit' refers generally to a physical or logical
entity, such as a physical device or a part thereof or a software routine. One or
more of these units may reside in a protective relay device or equipment, for
example.

An apparatus according to any one of the embodiments may be
implemented by means of a computer or corresponding digital signal
processing equipment provided with suitable software, for example. Such a
computer or digital signal processing equipment preferably comprises at least
a working memory (RAM) providing storage area for arithmetical operations
and a central processing unit (CPU), such as a general-purpose digital signal
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processor. The CPU may comprise a set of registers, an arithmetic logic unit,
and a control unit. The control unit is controlled by a sequence of program
instructions transferred to the CPU from the RAM. The control unit may contain
a number of microinstructions for basic operations. The implementation of
microinstructions may vary depending on the CPU design. The program
instructions may be coded by a programming language, which may be a high-
level programming language, such as C, Java, etc., or a low-level
programming language, such as a machine language, or an assembler. The
computer may also have an operating system which may provide system
services to a computer program written with the program instructions. The
computer or another apparatus implementing the invention further preferably
comprises suitable input means for receiving e.g. measurement and/or control
data, which input means thus enable e.g. the monitoring of current and voltage
quantities, and output means for outputting e.g. fault alarms and/or control data
e.g. for controlling protection equipment such as switches, disconnectors and
circuit-breakers. It is also possible to use a specific integrated circuit or circuits,
and/or discrete components and devices for implementing the functionality
according to any one of the embodiments.

The invention can be implemented in existing system elements,
such as various protective relays or similar devices, or by using separate
dedicated elements or devices in a centralized or distributed manner. Present
protective devices for electric systems, such as protective relays, typically
comprise processors and memory that can be utilized in the functions
according to embodiments of the invention. Thus, all modifications and
configurations required for implementing an embodiment of the invention e.g.
in existing protective devices may be performed as software routines, which
may be implemented as added or updated software routines. If the functionality
of the invention is implemented by software, such software can be provided as
a computer program product comprising computer program code which, when
run on a computer, causes the computer or a corresponding arrangement to
perform the functionality according to the invention, as described above. Such
a computer program code may be stored or generally embodied on a computer
readable medium, such as suitable memory, e.g. a flash memory or a disc
memory from which it is loadable to the unit or units executing the program
code. In addition, such a computer program code implementing the invention
may be loaded to the unit or units executing the computer program code via a
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suitable data network, for example, and it may replace or update a possibly
existing program code.

It will be obvious to a person skilled in the art that, as the technology
advances, the inventive concept may be implemented in various ways. The
invention and its embodiments are not limited to the examples described
above but may vary within the scope of the claims.
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CLAIMS

1. A method for differential protection of a three phase electric
connection of an electric system, the method comprising:

determining a value of an operate quantity which operate quantity is
based on a difference between current quantities at a first point and a second
point of the electric connection (20); and

detecting a fault in the electric connection (20) between the first
point and the second point if the value of the operate quantity exceeds a value
of a predetermined threshold quantity, characterized inthat

the operate quantity is based on a difference of residual currents at
the first point and the second point, or a quantity indicative thereof, and a
coefficient indicative of an angle between a residual voltage of the electric
connection (20) and the difference of residual currents at the first point and the
second point.

2. A method according to claim 1, characterized in that the
operate quantity lop is defined by the following equation:

Iop= ‘d3f0‘ - gain = |3j01, + 370[6‘ - gain |

where

d31, = residual differential current phasor

31, = residual current phasor at the first point such that a positive
current flow is towards the second point

31,r = residual current phasor at the second point such that a
positive current flow is towards the first point

gain = cos(angle(-U o/d31 o)- ov),

where

¢p = characteristic angle setting

U, = residual voltage phasor of the electric connection.

3. A method according to claim 2, characterized in that the
characteristic angle setting is 0 for a compensated electric system, -30 for a
high-resistance earthed electric system and -90 for an unearthed electric
system.

4. A method according to claim 2, characterized in that the
characteristic angle setting is set based on an angle between a negative
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residual voltage and a residual current during an earth fault in the electric
connection.

5. A method according to any one of claims 1 to 4,
characterized inthatthe predetermined threshold quantity is:

Po when Iressiknee o, and

Pot+So*(Ires-Iknee_o) when Ires>Iknee o,

where
Po, So, Iknee_o = predetermined parameters

jaL + iaR ‘ij‘ + ljbR‘ 7c14 + ?CR
+ +
Lips = 2 g 2
where

Ta, 1o, 1o = phase currents of the electric connection at the first
point

I.r, Ior, Ior = phase currents of the electric connection at the
second point.

6. A method according to claim4,characterized inthat

P, = basic sensitivity of the protection

So=50%

Iknee 0= 1 p.u.

7. A computer program product comprising computer program code,
wherein the execution of the program code in a computer causes the computer
to carry out the steps of the method according to any one of claims 1 to 6.

8. An apparatus for differential protection of a three phase electric
connection of an electric system, the apparatus comprising:

means (10A, 10B) for determining a value of an operate quantity
which operate quantity is based on a difference between current quantities at a
first point and a second point of the electric connection (20); and

means (10A, 10B) for detecting a fault in the electric connection (20)
between the first point and the second point if the value of the operate quantity
exceeds a value of a predetermined threshold quantity, characterized
in that
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the operate quantity is based on a difference of residual currents at
the first point and the second point, or a quantity indicative thereof, and a
coefficient indicative of an angle between a residual voltage of the electric
connection (20) and the difference of residual currents at the first point and the
second point.

9. An apparatus according to claim 8, characterized in that
the operate quantity lop is defined by the following equation:

I, = }d3j01 - gain = ‘370L + 3?016} - gain

where

d31, = residual differential current phasor

310, = residual current phasor at the first point such that a positive
current flow is towards the second point

310r = residual current phasor at the second point such that a
positive current flow is towards the first point

gain = cos(angle(-U o/d31 o)- o),

where

@p = characteristic angle setting

U, = residual voltage phasor of the electric connection.

10. An apparatus according to claim 9, characterized inthat
the characteristic angle setting is 0 for a compensated electric system, -30 for
a high-resistance earthed electric system and -90 for an unearthed electric
system.

11. An apparatus according to claim 9, characterized inthat
the characteristic angle setting is set based on an angle between a negative
residual voltage and a residual current during an earth fault in the electric
connection (20).

12. An apparatus according to any one of claims 8 to 11,
characterized inthat the predetermined threshold quantity is:

Po when Igesslknee o, and

Pot+So*(Ires-Iknee o) When Ires>Iknee o,

where
Po, So, Iknee o = predetermined parameters
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TaL + ?aR I?bL’-FPbR‘ ch + 7cR
2 i 2 i 2
I.c=
RES 3
where
5 Ia, 1o, I, = phase currents of the electric connection at the first

point
Iar, Ior, Ior = phase currents of the electric connection at the
second point.
13. An apparatus according to claim 12, characterized in
10 that
P, = basic sensitivity of the protection
So=50%
Iknee 0= 1 p.u.
14. An apparatus as claimed in any one of claims 8 to 13,
15 characterized inthatthe apparatus comprises a protective relay.
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