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Charging current: basics, compensation
approximations, errors, and remediation

Tirath Bains, Ilia Voloh, Jc Theron, GE Grid Solutions, Canada
and Hebert Marchi Magalhaes , ReEnergisa, Brazil

Abstract—This paper idea was triggered by the line current differential misoperation due to incorrect charging current compensation
settings. Authors investigated this case and concluded that this topic deserves better education on how and when to apply settings,
because it’s not straight forward to apply compensation with a shunt reactors providing different degree of the compensation and also
which can be switched in or out. Topic becomes even more important with a longer underground and undersea cables, causing very
high charging current.
Charging current compensation in long transmission lines and cables has been a standard practice for line differential elements. The
relays usually estimate charging current is using positive and zero-sequence shunt reactance values provided by the user. However,
the positive and zero-sequence shunt reactance are sufficient to accurately estimate the charging current only if a transmission line is
fully transposed, thus, resulting in a diagonal sequence shunt impedance matrix. However, this assumption introduces an error in the
charging current compensation. This paper investigates the charging current compensation with various sources of error engineers are
not aware of and proposing remedial actions.
Firstly, this paper presents the theory and the formulae used to calculate the self and mutual capacitances of the transmission lines.
Secondly, the assumptions involved to simplify the capacitance matrix such as fully transposed and symmetrical transmission lines are
presented and discussed in detail. Then the paper analytically quantifies the amount of error expected in charging current
compensation due to the above assumptions. Thereafter, the paper proposes the counter measures that could be taken to minimize
the error in charging current compensation or to mitigate the effects of charging current compensation on the line differential and other
protection elements. Various configurations of the transmission lines and cables are modelled in PSCAD, and the analytically estimated
charging current is compared to the actual charging current of the un-transposed lines. Lastly, paper provides practical
recommendations on in which applications charging current has to be enabled, it’s not always needed.

Index Terms—Capacitance, charging current, line current differential, protection and control, transmission lines.
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1 INTRODUCTION

THE existence of shunt capacitance between phase-to-
phase and phase-to-ground in transmission lines and

cables leads to the charging current. As the level of system
voltage become higher and the length of the lines increases,
the phenomenon of charging current becomes more and
more pronounced. This charging current is observed as
differential current by the line current differential element
(87L). If the charging current is significant then its compen-
sation is required to maintain the security and the sensitivity
of the 87L element. A field case was encountered recently
where 87L mal-operated due to incorrect application of
charging current compensation. This highlights the fact
that it is very important for the protection engineers to
have knowledge about estimating charging current, various
methods used by relays to compensate charging current and
how to properly apply charging current compensation. This
paper aims to discuss various aspects of the theory and
modeling of the shunt capacitance, the resulting charging
current, issues arising due to charging current and various
methods of remediation.

The Section 2 presents the theory behind the phe-
nomenon of shunt capacitance, how it can be estimated an-
alytically using conductor arrangement data, and what are
the impacts of transposition on capacitance in phase-domain
and sequence domain. Section 3 presents the method for cal-

culating the charging current from the estimated line capac-
itance values. Various methods for compensating charging
current are discussed in Section 4. Section 5 describes the
test system simulated in PSCAD which is utilized to support
the analytical findings and elaborate on the application of
charging current compensation. Section 6 discusses various
scenarios when and how to apply charging current com-
pensation. A detailed analysis of an actual field case where
mal-operation of 87L element occurred due to erroneous
application of charging current compensation in Section 7.
Section 8 lists the various recommendations about the appli-
cation of the charging current compensation. The conclusion
is provided in Section 9.

2 SHUNT CAPACITANCE

In order to understand the phenomenon of charging current,
it is necessary to understand the origins of shunt capaci-
tance. Figure 1 shows a cylindrical conductor of length l
metres and radius r metres carrying the charge per unit
length q C

m . By applying Gauss’s law it can be proved that
the electric field intensity (E) at any given point which is x
(x > r) meters away from the cylindrical conductor is given
by:

Ex =
q

2πϵ0x
V/m (1)
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Fig. 1. Electric field due to a cylindrical charged conductor.

Fig. 2. Effect of earth on the electric field due to a cylindrical charged
conductor.

where ϵ0 is the permittivity of the free space with ϵ0 =
8.854× 10−9 F

km . The direction of the electric field lines will
radiate out/in (if charge is positive/negatively, respectively)
radially from the conductor. Based on equation (1) it can
be seen that any concentric cylindrical surface of radius x
will be equi-potential. The potential difference between two
points p1 and p2 located at distance d1 and d2, respectively
can be calculated by integrating the electric field intensity
along the radial path from equi-potential surfaces of p1 and
p2:

V12 =

∫ d2

d1

q

2πϵ0x
dx =

q

2πϵ0
ln
d2

d1
(2)

Another factor to consider is the presence of the earth. The
earth changes the electric field due to the charged conductor,
therefore earth needs to be accounted for. The earth is ap-
proximated as a perfect conducting surface [1], which makes
the earth surface an equi-potential surface, thus, the electric
filed lines will meet the surface of the earth perpendicularly
as shown in Figure 2 (a). Now, the electric field due to the
charge conductor can be assumed to converge at a virtual
conductor which is the mirror image of the real conductor
but with the opposite charge polarity as Figure 2 (b) shows.
Thus, the effect of earth can be accounted for by assuming
a mirror image of the actual charged conductors below the
surface of the earth with equal charge but with opposite
polarity.

Fig. 3. A three phase conductor arrangement on a tower: (a) over the
earth surface plane, (b) earth replaced by a perfect conducting surface
plane showing mirrored conductors.

2.1 Calculating shunt capacitance: 3-phase line

Consider a three phase line with the following dimensions
given in the Figure 3, which is one of the typical arrange-
ments for a 500kV transmission line. It should be noted
that for this example, a bundle of 3 conductors per phase
is used. The effective radius of a conductor or a bundle of
conductors is as given below:

• for one-conductor bundle: r = rc
• for two-conductor bundle: r =

√
rcd

• for three-conductor bundle: r = 3
√
rcd2

• for four-conductor bundle: r = 4
√
rcd3

were d is the distance between the conductors within a
bundle, rc is the radius of the conductor. For the trans-
mission line shown in Figure 3, rc = 0.0203454m while
d = 0.4572cm.

The equivalent circuit by replacing the earth with image
conductors is shown in the Figure 3 (b). Now using the
equation (2), the expression for the potential difference
between phase-A conductor and its image,i.e., Vaa′ can be
written as:

Vaa′ =
1

2πϵ0
[qaln

Da′a

r
+ qbln

Da′b

Dab
+ qcln

Da′c

Dac

−qaln
r

Da′a

+ qbln
Dab

Da′b

+ qcln
Dac

Da′c

]V

=
2

2πϵ0
[qaln

Daa′

r
+ qbln

Da′b

Dab
+ qcln

Da′c

Dac
]V (3)

Since Van = 1
2Vaa′ ,

Van =
1

2πϵ0
[qaln

Da′a

r
+ qbln

Da′b

Dab
+ qcln

Da′c

Dac
]V (4)

Similar equations can be written afor Vbc, Vca, thus
resulting in the following matrix:Van

Vbn

Vcn

 =
1

2πϵ0


ln

D
a
′
a

r ln
D

a
′
b

Dab
ln

D
a
′
c

Dac

ln
D

b
′
a

Dba
ln

D
b
′
b

r ln
D

b
′
c

Dbc

ln
D

c
′
a

Dca
ln

D
c
′
b

Dcb
ln

D
c
′
c

r


qaqb
qc

 (5)
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Fig. 4. Transposition of the transmission line.

Since, it is a known fact that [q] = [Cp][V ] where [Cp] is
phase capacitance matrix. By looking at equation (5), it can
be observed that [Cp] can be obtained from the following
expression:

Caa Cab Cac

Cab Cbb Cbc

Cac Cbc Ccc

=
 1
2πϵ0


ln

D
a
′
a

r ln
D

a
′
b

Dab
ln

D
a
′
c

Dac

ln
D

b
′
a

Dba
ln

D
b
′
b

r ln
D

b
′
c

Dbc

ln
D

c
′
a

Dca
ln

D
c
′
b

Dcb
ln

D
c
′
c

r



−1

(6)

Substituting the distance values from Figure 3(b) in equation
(6) and computing, following is obtained:Caa Cab Cac

Cab Cbb Cbc

Cac Cbc Ccc

=
 1.0490 −0.2840 −0.1173
−0.2840 1.1128 −0.1510
−0.1173 −0.2840 1.0490

× 10−8 F

km

(7)
It can be seen from equation (7) that Cab = Cbc ̸= Cac and
Caa = Ccc ̸= Cbb. This is logical and it happens due to the
fact that the positions of phase-A and phase-C conductors
are identical with respect to that of phase-B conductor, and
also their positions are identical with respect to each other.
It should be noted that conductor sag is neglected while
deriving the values shown in (7). The effect of conductor sag
on shunt capacitanes can be accounted for by lowering the
effective height of the conductor in equation (6) as described
in [2].

2.2 Transposition of Transmission Line
The arrangement of the conductors of the in a fully trans-
posed line is as shown in Figure 4. In a fully transposed
line any given phase will occupy a specific position for
one-third of the line length, then will be replaced by the
other phases sequentially. In this paper, the conductor ar-
rangement considered so far has been abc arrangement. In
order to derive the shunt capacitance for a fully transposed
line, the equivalent of equation (6) could be written for the
conductor arragements abc, cab, bca, and final matrix is
consitututed by averaging the corresponding terms of these
three combinations. Alternatively, the shunt capacitance for
a fully transposed line line can also be calculated by replac-
ing the terms Dab,Dbc, Dac with the term 3

√
DabDbcDca;

and replacing the terms Da′b, Db′c, Da′c with the term
3
√
Da′bDb′cDc′a in (6). Both approaches are equivalent, and

both will yield the following result:Caa Cab Cac

Cab Cbb Cbc

Cac Cbc Ccc

=
 1.0596 −0.2240 −0.2240
−0.2240 1.0596 −0.2240
−0.2240 −0.2240 1.0596

×10−8 F

km

(8)

2.3 Shunt capacitance in sequence domain

The shunt capacitance in sequence domain can be calculated
usingC00 C01 C02

C10 C11 C12

C20 C21 C22

=1

3

1 1 1
1 α2 α
1 α2 α

Caa Cab Cac

Cab Cbb Cbc

Cac Cbc Ccc

1 1 1
1 α α2

1 α2 α

 (9)

where α = 1∠120o. Now substituting the phase shunt
capacitance values from (8) in (9), the sequence shunt ca-
pacitance values are obtained as follows:C00 C01 C02

C10 C11 C12

C20 C21 C22

=
0.6116 0 0

0 1.2837 0
0 0 1.2837

× 10−8 F

km
(10)

Note that off-diagonal elements are Zero, which implies that
capacitances in sequence domain are decouple from each
other, i.e., changes in one sequence would not affect the
other sequences. This due to the fact the transmission line is
fully transposed. If the line is not fully transposed then the
off-diagonal elements will be non-zero and complex, and
as a result the sequence components will be coupled. The
effects of non-transposition on estimating charging current
are discussed later.

In the discussion so far was aimed at estimating line
shunt capacitances through analytical approach. Another
approach which is based on the using recorded current
and voltage waveforms to estimate line shunt capaci-
tance/reactances is presented in Appendix A [3].

3 CHARGING CURRENT

It is known fact that the current through a capacitor is
governed by the following equation:

iC = C
∂v

∂t
(11)

where v is the voltage across the capacitor,iC represents the

current through the capacitor,
∂

∂t
represents the derivative

with respect to time (t), C represents the capacitance of
the capacitor. Similarly, for a three phase line the charging
current can be calculated using the following relation:iaCibC

icC

 =

Cs Cm Cm

Cm Cs Cm

Cm Cm Cs

 ∂

∂t

vavb
vc

 (12)

where Cs and Cm represent the self and mutual capaci-
tances of the transmission line. va, vb, vc are the phase to
ground voltages while iaC , ibC , icC are the charging currents
in each phase. The assumption is that the line is fully
transposed. It is worth noting here that Cm is a negative
number, which is logical because when a positive voltage
is applied to a phase it will induce negative charge on the
other two phases.

In sequence-domain the charging current can be ob-
tained as per the equation (13).i0Ci1C

i2C

 =

C0 0 0
0 C1 0
0 0 C1

 ∂

∂t

v0v1
v2

 (13)
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where C0 and C1 represent zero-sequence capacitance and
positive-sequence capacitance, respectively. v0, v1, v2 repre-
sent the zero, positive, negative-sequence voltages, respec-
tively; i0C , i1C , i2C represent the zero, positive, negative-
sequence charging currents, respectively. Now, the charging
current in phase-domain domain can be obtained by using
proper combination of sequence-domain charging currents.
Both approaches, i.e., equation (12) and equation (13) are
equivalent. However, since equation (12) yields the result
directly in phase-domain, it is considered in this paper.

Now, the phase capacitance matrix of equation (12) can
be expressed in terms of C0 and C1 as equation (3).Cs Cm Cm

Cm Cs Cm

Cm Cm Cs

 =
1

3

1 1 1
1 α2 α
1 α α2

C0 0 0
0 C1 0
0 0 C1

1 1 1
1 α α2

1 α2 α



=⇒

Cs Cm Cm

Cm Cs Cm

Cm Cm Cs

=1

3

C0+2C1 C0−C1 C0−C1

C0−C1 C0+2C1 C0−C1

C0−C1 C0−C1 C0+2C1

 (14)

Substituting the expression (3) in equation (12), the equation
(15) is obtained which yields the phase charging current
directly from sequence capacitance values.iaCibC

icC

=1

3

C0 + 2C1 C0 − C1 C0 − C1

C0 − C1 C0 + 2C1 C0 − C1

C0 − C1 C0 − C1 C0 + 2C1

 ∂

∂t

vavb
vc

 (15)

Normally, the transmission line parameters that are more
easily available are capacitive shunt reactances rather than
shunt capacitances. Therefore the equation (15) is re-written
in terms of zero-sequence reactance (XC0) and positive-
sequence reactance (XC1) as equation (16).iaCibC
icC

= 1

3ω


1

XC0
+ 2

XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

+ 2
XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

+ 2
XC1

 ∂

∂t

vavb
vc

 (16)

In phasor domain, the equation (16) becomes (17).IaCIbC
IcC

 = j
1

3


1

XC0
+ 2

XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

+ 2
XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

− 1
XC1

1
XC0

+ 2
XC1


Va

Vb

Vc

 (17)

where, IaC , IbC , IcC represent the phasors of the charging
current in phase-A, B, and C, respectively; Va, Vb, Vc are the
phasors of phase to ground voltage in phase-A, B, and C
respectively; ω is the angular frequency of the system.

4 METHODS OF MITIGATING THE EFFECTS OF
CHARGING CURRENT ON 87L
4.1 Higher cut-off for 87L

This method involves setting the minimum pickup value of
87L above the maximum charging current of the protected
transmission line. Typically, setting the minimum pick-up
level at 120% would offer a good security margin. This
ensures that the differential current arising due to charging
current would not force the operation of 87L. Raising the
minimum pickup value of 87L is a straightforward ap-
proach, however, it desensitizes the 87L element to detect
high impedance faults in the transmission line.

Fig. 5. Voltage-based charging current compensation in two-terminal
transmission line.

4.2 Fixed charging current compensation

In this method, the charging current is estimated through
calculations or through simulations, and then a fixed value
of the estimated charging current is subtracted from the
measured line currents. When system is operating at rated
voltage level and under steady state conditions, this method
would provide accurate charging current compensation.
However, the system voltage could change by few per-
centage points and the fixed charging current compensa-
tion value does not remain accurate anymore. Moreover,
the external faults/disturbances would result in significant
difference between the actual charging current and the fixed
charging current compensation. Therefore, the fixed charg-
ing current compensation might be needed to be blocked
when it is needed the most, i.e., to safeguard the 87L
operation for external faults. Due to the reasons discussed
above the authors are not aware of the usage of this method.

4.3 Voltage measurement-based charging current com-
pensation

If three phase voltages are available, the charging currents
can be estimated by using the equation (15) in time domain
or by using equation (17) in phasor-domain.

The disadvantage of compensation in phasor domain is
that during an external fault the voltage phasor would reach
its actual value from its pre-fault value only after the time
period of a full-cycle (assuming full cycle DFT is used for
phasor estimation) has elapsed. As a result the charging
current compensation will not be correct for the duration
of the phasor estimation delay. Therefore, the voltage-based
charging current compensation presented from here on-
wards is based in time-domain.

In order to calculate the charging current in a two-ended
transmission line half of the line capacitance is assumed to
be lumped at each end of the transmission line as shown in
Figure 5. Equation (18) shows the calculation of the charging
current at sending end terminal S, where [iS ] and [iCS ]
represent the measured current and the charging current
matrices, respectively at Terminal S; [vS ] is the measured
voltage matrix at Terminal S; [C] is the matrix of transmis-
sion line shunt capacitance. Note that a factor of 1

2 appears
in equation (18) when compared to equation (15), due to
the fact that only half of the total capacitance is assumed
to be lumped at sending end terminal. Now, [iCS ] is then
subtracted from [iS ] to obtain compensated current matrix
at Terminal S, i.e.,

[
i
′

S

]
as shown in equation (19). Now, the

current
[
i
′

S

]
is the current that participates in the calculation
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of the differential current.

[iCS ] =
[C]

2

∂

∂t
[vS ] (18)

[i
′

S ] = [iS ]−
[C]

2

∂

∂t
[vS ] (19)

Similarly, the compensated current matrix at receiving end
terminal R

[
i
′

R

]
is calculated as per equation (20) where

[iR] and [vR] represent the measured current and measured
voltage matrices at Terminal R.

[i
′

R] = [iR]−
[C]

2

∂

∂t
[vR] (20)

Now the differential current as seen by the element 87L
[[iDIFF ]] is calculated as below:

[iDIFF ] =[iDS ] + [iDR]

=⇒ [iDIFF ] =[iS ] + [iR]−
[C]

2

∂

∂t
[vS ]−

[C]

2

∂

∂t
[vR] (21)

It can be observed from equation (21) that when the com-
pensated currents are used for calculating the differential
current, the total charging current of the transmission gets
deducted, resulting in a very small to negligible differential
current. As a matter of fact that equation (21) can be easily
adapted to N terminal transmission line. For transmission
line with N terminals it is assumed that capacitance [C]

N is
lumped at each terminal, thus resulting in equation (22).
Note that charging current for whole transmission line gets
compensated when calculating differential current.

[iDIFF ] =[iS ] + [iR] + ...+ [iR]−
[C]

N

∂

∂t
[vS ]

− [C]

N

∂

∂t
[vR]− ...− [C]

N

∂

∂t
[vN ] (22)

5 TEST SYSTEM

In order to elaborate the details of charging current compen-
sation it is desirable to simulate a test system. A 500kV test
system with transmission line having conductor arrange-
ment shown in Figure 3 (a) is simulated in PSCAD. The
transmission line length is varying from case to case basis,
and is mentioned with each case. To simulate the trans-
mission line, a frequency-dependent model of transmission
line available in PSCAD is utilized. The line positive and
zero-sequence impedances are ZL1 = (0.0117 + j0.3341)
Ω/km and ZL0 = (0.1770 + j1.300) Ω/km, respectively.
The line positive and zero-sequence admittances are YL1 =
j4.8475 × 10−6 S/km (C1 = 1.2858 × 10−8 F/km), YL0 =
j2.3075× 10−6 S/km (C0 = 0.6120× 10−8 F/km), respec-
tively. Note that the zero-sequence and positive-sequence
shunt capacitive values obtained from PSCAD closely match
those calculated theoretically in equation (10). The sending
end and receiving end sources are identical with positive
and zero-sequence impedances being ZS1 = ZR1 = (1 +
j36) Ω and ZS0 = ZR0 = (1.5 + j54) Ω, respectively. Load
angle is 30◦ with receiving end source voltage lagging. Fur-
ther, the current and voltage signals are obtained by using
CT and CVT models, respectively, available in PSCAD. The
CT ratio is 400 with CT Secondary of 5A, while CVT Ratio is
3000. It should be noted that units of the current waveforms
in the subsequent figures are per unit of CT nominal value.
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Fig. 6. Voltage-based charging current compensation in two-terminal
fully transposed transmission line.

6 CASES FOR APPLICATION OF THE CHARGING
CURRENT COMPENSATION

6.1 Long fully transposed transmission line

A 300km long fully transposed transmission was simulated
in the test system described in Section 5 with a load angle
of 30◦. Figure 6 shows the sending (IS) and receiving cur-
rents (IR) along with ’fictitious’ differential current (IRAW

DIFF ),
which arises purely due to the steady state charging current
of the transmission line. ICOMP

DIFF ) represents the ’fictitious’
differential current after the charging current compensation
has been applied as per equation (21). It can be observed
that, the magnitude of IRAW

DIFF is higher than 0.2p.u. (400A).
When charging current compensation is applied the ’fic-
titious’ differential current drops almost to Zero. ICOMP

DIFF

does have a small finite value due to the fact that pi-
model of the transmission line loses some accuracy when the
transmission line length is over 200km. As expected it can
be observed that applying charging current compensation
greatly increases the security band of 87L while enabling
the much more sensitive settings.

6.2 Long fully untransposed transmission line

The transmission line of the previous case was made fully
untransposed and the same loading conditions were ap-
plied. The charging current compensation is applied by
assuming that line is fully transposed. The result is shown
in Figure 7. It is seen that charging current compensation
reduces the ’fictitious’ differential significantly from about
0.2pu to about 0.02pu. However, as compared to the fully
transposed case, this case has higher ’fictitious’ differential
current. This is due to the fact that for untransposed line,
the sequence networks are coupled but the charging current
compensation is applied assuming that the sequence net-
works are uncoupled. In order to achieve higher accuracy
the off-diagonal elements of equation (10) which are non-
zero for untransposed line would also be required, and
which are usually not available. It should be noted that the
line studied is a 300km line and the amount of charging
current that could not be removed using zero and positive
sequence capacitances alone is about 0.02pu (40A), which
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Fig. 7. Voltage-based charging current compensation in two-terminal
fully untransposed transmission line.

Fig. 8. Phasor diagram depicting: (a) Ferranti effect, (b) remediation
through shunt reactors.

is significantly low enough to allow for sensitive settings
of 87L. It can thus be concluded that charging current
compensation in untransposed long transmission line will
largely remove ’fictitious’ differential current and should be
applied.

6.3 Presence of shunt reactors

The shunt reactors are provided to prevent the over-voltage
at the receiving end of the transmission line when it
lightly or unloaded. The unloaded or lightly loaded long
transmission line draws predominantly capacitive current
from the sending end due to its shunt capacitance. The
capacitive current causes voltage drop in transmission line
which add constructively in the sending end voltage which
causes causes the receiving end voltage to rise. This effect
is called ’Ferranti effect’. which can be understood with the
help of Figure 8(a) where VS and VR denote sending and
receiving voltage phasors respectively; IS is the current at
sending end (capacitive in nature); XL is the reactance of
the transmission line. When a shunt reactor is added, the the
capacitive current is compensated by the inductive current
of the reactor, thus, leading to limited to no over-voltage at
receiving end as shown in Figure 8(b).

Whereas the shunt reactors are useful in preventing
over-voltage in lightly loaded long transmission lines, they

Fig. 9. Reactors connected to transmission line: (a) excluded from the
protection (b) included in the protection Zone.

require special attention when applying charging current
compensation which is discussed as follows.

6.3.1 Shunt reactors excluded in the protection zone

Figure 9 (a) shows the shunt reactors excluded from the
protection zone which is achieved by removing the reactor
current from the measured current at the transmission line
terminals. In this case, the charging current of the whole of
the transmission line will appear as differential current. In
order to compensate the charging current the positive and
zero-sequence capacitive reactance of the transmission lines
are needed to be entered only, irrespective of the reactance
of the shunt reactors.

6.3.2 Shunt reactors included in the protection zone

The shunt reactors are included in the protection zone,
when reactor current is not removed from the measured
current at the transmission line terminals. When the shunt
reactors are connected to the transmission line, the differ-
ential current due to charging current decreases because
shunt reactors compensate the capacitive charging current
of the line. However, the shunt reactors could also be
entirely or partially disconnected from the transmission line
depending upon the desired and actual voltage level. When
the shunt reactors are disconnected entirely, the differential
current would now be the charging current of the whole of
transmission line. Therefore, when reactors are included in
the protection zone then the charging current compensation
would be required to change dynamically, depending upon
the whether the shunt reactors are connected, disconnected
or partially connected.

When shunt reactors are included in the protection zone,
the shunt reactance used for calculating charging current
would be the parallel combination of the shunt capacitance
of the transmission line and reactance of the reactors. The
effective capacitive reactance can be calculated as follows:

• Three reactor arrangement: In a three reactor ar-
rangement the three reactors of equal reactance (XR)
are connected to each phase as shown in Figure
10 (a). As a result the positive and zero-sequence
reactance of the reactor arrangement are equal, i.e.,
XR1 = XR0 = XR. The equations for the effective
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Fig. 10. (a) Three-reactor arrangement (b) Four-reactor arrangement.

positive and zero-sequence capacitive reactance can
be wriiten as (23) and (24), respectively.

X
′

C1 =
XRXC1

XR −XC1
(23)

X
′

C0 =
XRXC0

XR −XC0
(24)

where XC1 and XC0 are the total positive and zero-
sequence capacitive reactance of the transmission
line; X

′

C1 and X
′

C0 are the effective positive and zero-
sequence capacitive reactance of the transmission
line; XR is the total per phase inductive reactance
of the reactors connected to the line the transmission
line. For multiple reactor banks connected to trans-
mission line XR can be obtained by:

1

XR
=

1

XR1
+

1

XR2
+ ...+

1

XRk
+ ...

where XRk is the per phase inductive reactance of
the kth bank.

• Four reactor arrangement: In a four reactor arrange-
ment, a fourth reactor with reactance XRN is added
in the neutral branch (see Figure 10 (b)), therefore, the
positive-sequence reactance remains same as XR1 =
XR while the zero-sequence reactance of the reactor
arrangement becomes XR0 = XR+3XRN . The equa-
tions for the effective positive and zero-sequence
capacitive reactance for Four reactor arrangement
can be wriiten as (25) and (26), respectively.

X
′

C1 =
XRXC1

XR −XC1
(25)

X
′

C0 =
(XR + 3XRN )XC0

XR + 3XRN −XC0
(26)

For multiple reactor banks having reactor in their
neural branch XRN can be obtained by:

1

XRN
=

1

XRN1
+

1

XRN2
+ ...+

1

XRNk
+ ...

where XRNk is the per phase inductive reactance of
the kth bank.

6.4 Short transmission line

A transmission line shorter than 80km is generally consid-
ered a short transmission line. The charging current in short
transmission lines is in vicinity of 100A or lower and could
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Fig. 11. Charging current of an 80km, 500kV transmission line mea-
sured through different CT ratios.

generally be ignored as the fault current is relatively large.
However, if the CT ratio is low such as 1000:5 or lower, then
the steady state charging current will become around 10%.
If it is required to use sensitive 87L settings to detect high
impedance faults, then compensating the charging current
should be considered. Figure 11 shows the charging current
measured through different CT ratios (2000:5, 1500:5, and
600:5) for an 80km, 500kV transmission line. It can be
noted that when measured through CT with ratio 2000:5, the
steady state charging current magnitude is approximately
equal to 0.06pu. Thus, in this case the charging current
can be ignored while setting the minimum pick up of the
87L element. However, when the same charging current is
measured though CT with ratio 600:5, the magnitude of the
charging current becomes close to 0.18pu. In this case, it is
advisable to compensate the charging current.

7 FIELD CASE

The event being discussed involved the mal-operation of
line ground-current differential element 87LG element due
to incorrect application of the charging current compensa-
tion. The system consisted of a 256km long 230kV trans-
mission line with XC1 = 810.0Ω, XC0 = 1422.3Ω. A
reactor bank in three-reactor arrangement with per phase
reactance of 2645Ω was applied at each terminal of the
transmission line, resulting in total per phase reactance (XR)
equal to 1322.5Ω. The CT ratio was 1250:1. Now, the effec-
tive positive-sequence capacitive reactance (X

′

C1) and zero-
sequence capacitive reactance (X

′

C0) become , respectively
as shown below:

X
′

C1 =
1322.5× 810.0

1322.5− 810.0
= 2090.2Ω

X
′

C0 =
1322.5× 1422.3

1322.5− 1422.3
= −18847.6Ω

The negative value of X
′

C0 signifies that the effective zero-
sequence reactance is inductive in nature, while high mag-
nitude of X

′

C0 signifies that even for the worse case scenario
of a close-in external fault supplied by a weak source
(leading to high magnitude of zero-sequence voltage), the
zero-sequence charging current would be less than 5A or
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Fig. 12. Field Case of an external ACG fault: Raw and compensated
ground differential current.

0.004pu. The minimum current pick-up setting for 87LG
element was selected to be 125A or 0.1pu. Thus, leaving
the safety margin of minimum pick-upof 87LG practically
unaffected by the uncompensated zero-sequence charging
current. Similarly, based on the values of X

′

C1, the charging
current during normal operation would be approximately
63.5A or 0.05pu

(
= 63.5

1250

)
for phase line-current differential

element (87L). The The minimum pick-up setting used for
87L element was 0.2pu or 250A. Therefore, it can be seen
that a significant safety margin of about 0.15pu or 187.5A
existed for 87L element too. Therefore, the charging current
compensation was not necessary.

However, the user decided to enable the charging cur-
rent compensation to further improve the safety margin.
However, the relay did not allow for entering a negative
value for the zero-sequence reactance setting (X

′

C0 is nega-
tive). The user selected the lowest positive value allowed to
be entered for the zero-sequence reactance setting, thus, un-
intentionally applying a very large and incorrect capacitive
charging current compensation. Note that the effective zero-
sequence reactance is a large negative number which im-
plies the charging current is inductive and very small. Now,
when an external ACG fault occurred element 87LG mal-
operated due to incorrect zero-sequence charging current
compensation. Figure 12 shows the raw differential current
(IRAW

DIFF ) without charging current compensation as well as
the differential current due to erroneous charging current
compensation (ICOMP

DIFF ). It can be observed that ICOMP
DIFF

magnitude rises upto 0.35pu and settles around 0.3pu,
which is almost double the actual fault current flowing
through the transmission line ( i.e., IS ≈ IR ≈ 0.15pu). On
the other hand the magnitude of IRAW

DIFF remained very close
to zero as expected due to the large value of X

′

C0. Thus it can
be concluded that erroneous zero-sequence compensation
resulted in the mal-operation of 87LG in this case.

Nevertheless, an argument can be made in this case that
even if charging current compensation was not required
in zero-sequence domain, there is still a standing charging
current of approximately 0.05pu/63.5A on the phases, and
enabling the charging current compensation can improve
the security margin for 87L element. To accomplish this it is
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Fig. 13. Field Case of an external ACG fault: Raw and compensated
differential current in phases-A, B, C and ground channel.

important that charging current compensation is effectively
’diasabled’ by selecting a the highest possible number in the
setting zero-sequence reactance, while the setting positive-
sequence reactance is set to the above calculated value
(2090.2Ω). This would ensure that a very small to negligible
compensation would be applied to zero-sequence charging
currents, while correct compensation is applied in positive
and negative sequence domains. Note that significant safety
margin of about 0.15pu/187.5A without applying charging
current compensation as discussed earlier. Figure shows
the differential current seen by 87L element in phases-
A, B, C and ground channelby using the values 2090.2Ω
and 65535Ω as positive-sequence and zero-sequence reac-
tance settings, respectively. Note that in all phases ICOMP

DIFF

is almost zero during prefault period and is almost half
of IRAW

DIFF during fault conditions. At the same time, the
ICOMP
DIFF in ground channel remains close to Zero along

with IRAW
DIFF , thus highlighting the negligible zero-sequence

charging current compensation.

8 RECOMMENDATIONS

Based on the above discussion and the field experience
some considerations that should be taken in to account are
explained below.

• Line zero-sequence capacitive reactance XC0 should
always be higher than line positive-sequence capaci-
tive reactance XC1.
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• If reactors are present and can be switched in or
out, charging current needs to be estimated for both
conditions to make a decision as to whether you
should apply compensation or not.

• Steady state charging current can be estimated as
IC = VLL√

(3)XC1

.

• If the pu charging current of the CT nominal in
the worst configuration (when reactors are switched)
is less than half of the 87L pickup setting, then
charging current compensation is not needed, as
there is enough security margin. For example, if the
maximum charging current is 0.08pu, it is safe to not
enable charging current compensation with an 87L
pickup of 0.2pu or higher.

• Typically the 87L pickup setting should be at least
1 ½ times higher than the worst-case charging cur-
rent when charging current compensation is enabled.
When charging current compensation is disabled it
has to be set to at least 2 ½ times the worst-case
charging current or higher.

• Our recommendation for the 87L pickup setting
above also applies to the ground differential function
87LG.

• The charging current compensation should not be
aimed at completely eradicating the ’fictitious’ differ-
ential current because other sources of error such as
CT error, channel asymmetry, synchronization error,
voltage transformer fuse failure (VTFF) condition can
also lead to ‘fictitious’ differential current.

• Depending upon the reactor arrangement usage, if
the result of any of the equations (23) to (26) produces
a negative number for either X

′

C1 or X
′

C0 settings,
this is an indication that line capacitive reactance has
already been well-compensated for by shunt reac-
tors. In this case, the charging current compensation
must be disabled.

9 CONCLUSION

In this paper, the theory is presented which enables the
analytical estimation of the line capacitance and hence line
charging current. Various methods to overcome the chal-
lenge posed by the charging current for 87L element are pre-
sented. The voltage measurement-based charging current
compensation method is explored in detail including when
and how to apply voltage measurement based charging
current compensation. The effects of charging current com-
pensation on the safety margin of 87L element have been
presented with help of a test system simulated in PSCAD.
A detailed analysis of a field case is presented where the
incorrect application of charging current compensation re-
sulted in 87L mal-operation. The recommendations have
been provided based on the field experience and simulation
results about the successful application of charging current
compensation.

APPENDIX A
ESTIMATING CHARGING CURRENT PARAMETERS
FROM RECORDED WAVEFORMS

The Section 2 presented the method to estimate zero-
sequence and positive sequence capacitances or reactances

from the physical geometry of the conductor arrangements.
It is actually possible to estimate zero-sequence and positive
sequence capacitances or reactances by sing current and
voltage waveforms. As discussed previously, if the charging
current compensation is not applied then the charging cur-
rent gets manifested as ’fictitious’ differential current during
normal operation and also in the case of an external faults.
Therefore following equation would hold true for postive
and zero-sequence charging currents:

IkS + IkR =
VkS

2XCk
+

VkR

2XCk

where k attains value 0 for zero-sequence, 1 for positive
sequence. Rearranging the above equation, the following
equation is obtained:

XCk =
VkS + VkR

2(IkS + IkR)
(27)

For a loss less line the right hand side (R.H.S) of the equation
(27) would be a purely an imaginary number but for a
real lines it would have a relatively a negligible real part.
Therefore, to remove the real part the equation (27) can be
more appropriately written as:

XCk = imag

(
VkS + VkR

2(IkS + IkR)

)
(28)

XC1 can easily be obtained from equation (28) by using
the voltage and currents from the normal operation of
the system as positive sequence voltage and currents are
available at normal operations. For obtaining XC0, the
voltage and currents from an external ground fault can be
used because zero-sequence components appear only for
the ground faults while the zero-sequence charging current
appears as zero-sequence differential current for external
faults only.
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