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Current Mapping Strategy for Improving
Two-Terminal Series-Compensated Line Current

Differential Protection
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Abstract—This paper presents a particular case of the gener-
alized alpha plane called current mapping strategy (CMS) for-
mulation applied to differential protection of series-compensated
transmission lines. The proposed formulation presents two unique
features, control over the internal fault settlement region (FSR)
and the use of an operation characteristic (OC). The FSR
and the OC are two concentric circles defined on the alpha
plane. Additionally, the proposed CMS allows the user to adjust
the center and radius of the FSR and OC, according to the
desired sensitivity and security of the protection. To validate
and test the performance of the improved CMS, numerous
computer simulations have been carried out using the Alternative
Transients Program (ATP) on a 400 km long series-compensated,
500-kV transmission line. Furthermore, analysis of an extensive
database of cases is conducted to highlight the CMS’s sensi-
tivity. The obtained results demonstrate the effectiveness of the
settings of the CMS and a smooth trajectory to the FSR. The
CMS also proved to be stable and reliable even under severe
subsynchronous oscillations and outfeed conditions.

Keywords—Power system, protection, differential protection,
generalized alpha plane, transmission line, series compensation.

I. INTRODUCTION

OVER the last decade, technological breakthroughs made
possible new solutions applied to transmission line pro-

tection; the installation of optical fiber composite overhead
ground wires enabled the use of differential elements, aiming
to implement it as the unitary protection of the line [1]–
[3]. For that reason, differential protection of transmission
lines became feasible for longer lines, which led to the
improvements reported in [4]–[8].

Differential protection of transmission lines commonly con-
sists of phase elements, i.e., ANSI 87LA, 87LB, and 87LC,
and negative and zero sequence elements, i.e., ANSI 87LQ and
87LG. The sequence elements have the purpose of detecting
asymmetrical faults, even with the occurrence of high fault
resistance [5]. On the other hand, the high sensitivity of
these elements may lead to maloperations during external
faults followed with current transformer (CT) saturation [9].
In addition, an external fault detection algorithm is required
to block the operation of sequence elements during external
faults. Another advantage of 87LQ and 87LG is that they
are more immune to line charging current when compared
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to phase elements [10]. The performance of transmission line
differential protection can be further improved by adaptive
method such as [11]. Their strategy consists of restraint areas
that change their size in order to improve dependability and
sensitivity of the phase elements.

In [12], a complete protection scheme of line differential
elements based on the alpha plane is presented in detail,
where the advantages were established through careful testing.
Although the operational plane is presented as a graphical
representation of the differential element operation, the alpha-
plane is also a valuable tool. The complex variable gamma
consists of the ratio between local and remote currents of
a transmission line and is calculated for each phase. An
innovative restraint characteristic using the alpha plane, called
“rainbow,” is presented in [10] [13]. Their approach enables
great performance during CT saturation. Furthermore, the
restraint characteristic can be intuitively adjusted according to
the unique behavior of the transmission line protection. Like-
wise, problems such as CT saturation and channel asymmetry
are better faced by the rainbow restraint characteristic, leading
to reliable and secure operation of the differential protection.
An adaptive approach for the alpha plane and the restraining
characteristic is presented by [14]. One of the main benefits
is the enhanced performance against high impedance faults.

Transmission line series compensation usually varies from
25% to nearly 100%; some advantages are the increased power
transfer capability and improved power system stability [1],
[15]–[17]. A downside of series-compensated transmission
lines are the challenges imposed on traditional protection
schemes [18]. The series capacitors can be installed either at
line ends or at a central location [19]. The former is more
common and results in challenges to the protection of the
transmission lines. The capacitor bank internal overvoltage
protection uses metal oxide varistors (MOV) [20]. This non-
linear resistance is installed in parallel with the capacitor banks
to limit the overvoltage across the capacitors [21]. However,
the MOV has limited energy absorption; therefore, a flash over
path, such as a triggered air gap in conjunction with a bypass
circuit breaker is required to avoid MOV failure [21].

Series compensated transmission lines pose challenges for
directional, distance, and differential protection because the
transient behavior of the series capacitor is not readily pre-
dictable [22]. For example, distance protection may fail to
operate due to signal inversions; large errors may be caused
by sub-synchronous oscillations [17]. Voltage inversion in the
case of faults near a series capacitor may cause the relay
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to not operate in case of internal faults [15]. In addition,
reduced zone 1 reach settings are require for distance elements,
increasing the reliance of communication assisted overreach-
ing distance schemes. Directional and differential elements
are severely affected current inversion. Such a condition is
extremely rare and occurs when the equivalent impedance
from the source to the fault is capacitive and the remaining
impedance from the fault to the remote terminal is inductive
[15]. Other downsides are the increase of short-circuit levels
and potential subsynchronous resonance with steam turbine
generators [22]. Furthermore, the impedance calculated by the
distance element can be incorrect if the capacitor bank is not
bypassed during an internal fault, and phasor-based protection
can face errors on phasor estimation during subsynchronous
resonance [22]. Previous efforts have tried to improve the
performance of differential protection of series-compensated
transmission lines. The authors of [23] combined instantaneous
values with a moving window averaging technique to increase
sensitivity for the high-resistance internal faults.

This paper presents a current mapping strategy that im-
proves the performance of the alpha plane line current differ-
ential element for use in series-compensated transmission line
protection. The formulation allows different settings, e.g., the
user can adjust the CMS for improved sensitivity or enhanced
security. The performance of the element is tested through
transient and parametric analysis with a massive number of
fault and system conditions.

II. CMS FORMULATION

The CMS proposed in this paper is a particular case of
the generalized plane presented in [24]. Considering a two-
terminal transmission line, the differential current, Īdif , and
restrain current, Ires, are defined as:

Īdif = ĪL + ĪR = Idif,re + jIdif,im (1)
Ires = |ĪL|+ |ĪR| (2)

where the math accent ( ¯ ) represents a phasor quantity; R
and L are the remote and local terminals, respectively; Ī is
the phasor of current measured at terminal i; the subscripts
re and im represent its real and imaginary parts; and the j-
operator has a value exactly equal to

√
−1.

Next, we defined the differential and restraint currents of
the CMS, as:

Īdif,eq = ĪM + ĪN (3)
Īres,eq = η1ĪM − η2ĪN (4)

where Īdif,eq and Īres,eq are the differential current and
restraint current of the CMS, respectively; η1 and η2 are the
adjustment factors; and IM and IN are defined below.

The equivalence between the original currents and the CMS
currents is guaranteed by two assumptions: 1) the differential
currents of both (Īdif,eq and Īdif ) are equal, and 2) the restraint
currents of both (Īres,eq and Ires) are equal. Thus, a linear

system of equations can be obtained from (1)-(4).
1 0 1 0
0 1 0 1
η1 0 −η2 0
0 η1 0 −η2

 .

IM,re

IM,im

IN,re
IN,im

 =


Idif,re
Idif,im
Ires

0

 (5)

Since (5) is an exactly determined and consistent linear
system, its solution is straightforwardly obtained, whereby the
currents ĪM and ĪN of the equivalent device are computed as:

ĪM = 1
η1+η2

(
η2Īdif + Ires

)
(6)

ĪN = 1
η1+η2

(
η1Īdif − Ires

)
(7)

Finally, ĪM and ĪN are combined as (8) to obtain the
complex variable Γ, which is plotted in the alpha plane for
each phase.

Γ =
ĪM
ĪN

=
η2Īdif + Ires
η1Īdif − Ires

= Γre + jΓim (8)

Equation (8) can be divided in its real and imaginary parts,
as shown in (9) and (10), respectively.

Γre = Mre

(
|Īdif |2 + Iresf(η1, η2)

|Īdif |2 + Iresf(−η2, η2)

)
(9)

Γim = Mim

(
IresIdif,im

|Īdif |2 + Iresf(−η2, η2)

)
(10)

where Mre, Mim, f(η1, η2), and f(−η2, η2) can be defined
as:

Mre =
η2

η1
(11)

Mim = η2 +
η2

2

η1
(12)

f(η1, η2) = −η1η2Ires + (η1 − η2)Idif,re (13)
f(−η2, η2) = η2

2Ires − 2η2Idif,re (14)

We can further organize these expressions by creating two
adjustments for the protection elements called Γf and k∆.
Considering Γf = Mre and k∆ = MimMre, the system of
equations can be solved and expressions for η1 and η2 in terms
of Γf and k∆ are obtained as (15) and (16), respectively.

η1 = 1
k∆

(1 + Γf ) (15)
η2 = Γf · η1 (16)

The overall behavior of the CMS in the alpha plane is
shown in Fig. 1. The pre-fault is fixed at the point (−1; 0).
The circular FSR is adjustable according to Γf and k∆; Γ

k∆

Ψ.k
∆

-1 Γf
Γre

Γim

Operation characteristic (OC); Fault settlement region (FSR)

Pre-fault

Post-fault

Transient path

Fig. 1. Behavior of the CMS in the alpha plane.
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will settle at the border of the FSR if an internal fault occurs.
The circular operation characteristic (OC) is defined around
the FSR. The OC radius (Ψ · k∆) is adjusted according to the
desired sensitivity and speed, where the greater the product is,
the faster and more sensitive the element will be. The transient
path depends on the pre-fault (e.g., load current) and fault (e.g.,
fault inception angle) conditions. The CMS allows multiple
adjustments for Γf , k∆, and Ψ, which enable settings with
emphasis on sensitivity, speed, or security. Smaller values of
Γf and k∆ increase the security [24]. The CMS is also a
good alternative in case negative/zero sequence currents are
not available.

The CMS can improve the line differential protection perfor-
mance by enabling the adjustments Γf and k∆. Fig. 2 shows a
flowchart as an example of a protection scheme that utilizes the
CMS. The measured currents synchronized in time at each end
of the line (local and remote) are fed to the phasor calculation
block. The differential and restrain currents (Īdif and Ires)
are calculated for each phase and then sent to the CMS block.
The mapped currents ĪM and ĪN are then used to calculate Γ
by (8). A trip signal is sent if Γ settles inside the operation
characteristic for more than a half a cycle (or 8 samples).

Fig. 2. Flowchart of Transmission Line Protection using the CMS

III. PERFORMANCE EVALUATION

The advantages of using the CMS to protect series-
compensated transmission lines are highlighted by comparing
CMS’s performance against the regular alpha plane (herein
called AP). The adjustments Γf , k∆, and Ψ directly affect the
security, speed, and sensitivity of the element. Furthermore,
the adjustments can be set according to the desired emphasis.
The CMS was tested for the two sets of adjustments shown
in Table I.

TABLE I
CHOSEN CMS ADJUSTMENTS FOR TESTS

Adjustment Γf k∆ Ψ Ψ · k∆ Emphasis

CMS-A1 10 0.2 25 5 Sensitivity
CMS-A2 2 0.4 5 2 Security

The CMS-A1 enables high sensitivity, while CMS-A2 pro-
vides enhanced security. The OC radius (Ψ · k∆) of the
CMS-A1 and CMS-A2 are set to 5 and 2, respectively;
therefore CMS-A1 will be faster and more sensitive than
CMS-A2. The offset from the pre-fault point (-1;0) is defined
by Γf , the CMSs A1 and A2 are set to 10 and 2, respectively;
therefore, the CMS-A2 will be more secure than the CMS-A1.
Both have a harmonic restraining restriction as show in (17)
always enabled in order to improve security during situations
such as external faults with CT saturation.

Ires =

τ∑
i=1

|Īi|+ f · kh

(
τ∑
i=1

|Īi,h|

)
(17)

Each adjustment of CMS is compared to the AP side-by-
side in terms of their performance for series-compensated
transmission line protection. The AP consists of the ratio
between local and remote currents measured on the ends of
the transmission line: ΓAP = ĪL

ĪR
. The variable ΓAP is plotted

in the alpha-plane and the “rainbow” restraint characteristic is
used [13]. The studies are summarized in two different cat-
egories: transient analysis plus analysis of a massive number
of cases with varying fault conditions.

The system consists of a 400 km, 500 kV transmission
line with the series compensation set to 70% and the shunt
reactor compensation set to 60%. The source impedance and
transmission line parameters are given in the Appendix. The
source impedance ratio (SIR) will be varied to explore the
impact on element performance. The series compensation is
achieved by two fixed Series Capacitor Banks (SCB) installed
at the ends of the transmission line. The shunt compensa-
tion is achieved by one fixed Shunt Reactor Bank (SRB)
installed at each end line terminal. The CT was specified
as C800 2000-5A, and modeled as proposed by the IEEE
Power System Relaying Committee in [25]. The CCVT was
sized and modeled as specified in [26]. The charging current
drawn by transmission line capacitance was estimated and
charging current compensation for the differential element was
determined following the procedure performed by [10]. The
Appendix presents the value of all the parameters.

Local

SCB SCBTransmission Line

Remote

SRB SRB

CT CT

CCVT CCVT

Fig. 3. 500 kV 400km series-compensated transmission line

The capacitor bank is divided in three single-phase banks
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which are individually protected, as shown in Fig. 4. The
scheme utilizes a MOV and a triggered gap to provide SCB
protection. The MOVs are simulated as an the exponential
current-dependent resistor type 92, while the triggered gap
utilized the Transient Analysis of Control Systems (TACS)
switch Type 13, both available in ATP/ATPDraw. The logic
of the triggered gap firing control was implemented using
the MODELS environment in ATPDraw, and is based on
monitoring the current and absorbed energy by the MOV,
called IMOV and EMOV , respectively. The Appendix presents
these parameters and the curve of the MOVs.

C

Discharge
reactor MOV

Triggered gap

Series Capacitor Bank (SCB)

Fig. 4. Capacitor bank with MOV and triggered gap installed in all phases

A. Transient Analysis

Case 1 illustrates an internal solid single-line-to-ground
fault (AG) 360 km far away from the local terminal (i.e.,
90% of the transmission line length). Such a scenario led
to the operation of the SCB overvoltage protection at the
remote terminal, where the capacitor was bypassed by the
MOV and then by the triggered gap (6 ms and 10 ms after the
fault, respectively). The currents seen at the Local and Remote
terminals are shown in Fig. 6a and Fig. 6b, respectively. The
results for the alpha plane are shown in Fig. 5a. The subsyn-
chronous frequency components (SSC) can be seen at the local
terminal clearly in Fig. 6a. However, the same cannot be said
about the remote terminal in this case because the capacitor
was bypassed, first by the MOV and then by the triggered
gap. The results for CMS-A1 and CMS-A2 considering their
operation characteristic and the adjusted FSR are shown in
Fig. 5a. One can observe that the subsynchronous frequency
components did not affect the proposed CMS performance.
Moreover, the proposed CMS formulation proved reliable and
only the phase A element issued a trip command. The AP, on
the other hand, oscillated around a point in the alpha plane
due to SSC which represents a risk of failing to trip if the
ΓAP returns to the restraint characteristic. Case 2 presents an
internal 250 Ω single-line-to-ground fault (BG) at the midpoint

no trip; Operation characteristic; Fault settlement region; ΓA; ΓB; ΓC

CMS-A1: (Γf = 10, k∆ = 0.2, Ψ = 25) CMS-A2: (Γf = 2, k∆ = 0.4, Ψ = 5) Alpha Plane [13]
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(a) Case 1: Internal single-phase fault AG with subsynchronous components (SSC)
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(b) Case 2: Internal single-phase fault BG with outfeed
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(c) Case 3: External three-phase fault

Fig. 5. Comparison of protection performance between two settings for the CMS and the alpha plane for difference fault conditions
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(a) Local terminal (primary currents)

(b) Remote terminal (primary currents)

Fig. 6. Sub-synchronous frequency components for Case 1

(a) Local Current

(b) Remote Current

Fig. 7. Outfeed condition components for Case 2

of the transmission (i.e., 50% of the transmission line length).
Such a scenario resulted in an outfeed condition [3] at the
remote terminal which can be seen on Fig. 7b which represents
a challenge for the line protection scheme. The currents
measured at the remote terminal went down during the fault.
The results for the alpha plane are shown in Fig. 5b. One can
observe that both sets of adjustments for the CMS successfully
detected and issued a trip for the phase B, however the
conventional AP failed to operate. Therefore, the CMS can be
advantageous when compared to the AP in regards to outfeed
conditions.

Case 3 presents an external three-phase fault (ABC) at the
local terminal of the transmission (i.e., before the local CTs of

the transmission line). Such a scenario resulted in the bypass
of the local and remote capacitor banks 300 ms after the fault.
The currents measured at both terminals went down after the
capacitor banks were bypassed. The results for the alpha plane
are shown in Fig. 5c. One can observe that the CMS-A1 and
the AP were fairly affected by such condition. On the other
hand, the CMS-A2 (settings with enhanced security) was not
affected by the external fault followed by the bypass of the
capacitor banks. Even though the two CMSs and the AP
presented different responses, none of them misoperated.

B. Parametric Analysis

The results of the parametric analysis with a massive num-
ber of fault and system conditions are presented in terms of
trajectories [12] in the alpha plane. A total of three cases, with
different sets of parameters varied, presented in Fig. 8. Each
case examines the CMS performance against the variation of
fault location, fault resistance, SIR, load current, and fault
type, whereas the simulation parameters follow the defined
boundaries listed in Table II.

TABLE II
RANGE OF PARAMETERS FOR THE PARAMETRIC ANALYSIS

Simulation Variables Range

Load (δ) -15, -14,..,+14, +15 (◦)
SIRL1 0.063, 0.08, 0.1, 0.2,...,1.0
SIRR1 0.063, 0.08, 0.1, 0.2,...,1.0
Fault Location (d) 1, 5, 10,..,90, 95, 99 (% of the TL)
Type of fault AG,..., AB,..., ABG, ABC

Fault Resistance (Ω) phase-to-phase: 0, 5,..,195, 200

phase-to-ground: 0, 10,..,90, 1000

Case 4 studies the effects of the load and the SIR variation
on both ends of the transmission line. A total of 770 simula-
tions were performed and the CMS successfully operated for
all imposed conditions. Moreover, the two sets of adjustments
resulted in the FSR defined by k∆ and Ψ. On the other hand,
the AP failed in 99 simulations related to conditions where
the elevated SIR (i.e., weaker sources at one end or the other)
resulted in smaller fault currents. Therefore, the CMS proved
to be more sensitive than the AP in respect to different source
strengths. Fig. 8a shows the response of the different elements
in the alpha plane.

Case 5 presents the analysis of different fault locations over
the protection. The most common types of faults are covered
for three load conditions for a total of 340 simulations. The
CMS operated correctly for all imposed conditions, in addition
to maintaining a coherent FSR. In regards to the AP, a total of
43 fault conditions resulted in failure to operate. As in Case 3
the performance AP was less sensitive than the proposed CMS.
Case 6 presents a study of the influence of fault resistance,
where values up to 200 Ω and 1000 Ω were studied for
phase-to-phase and phase-to-ground resistances, respectively.
An interesting aspect of Case 5 is that it highlights one of the
advantages of having the different adjustments (i.e., Γf and
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no trip; Operation characteristic; Fault settlement region; ΓA; ΓB; ΓC

CMS-A1: (Γf = 10, k∆ = 0.2, Ψ = 25) CMS-A2: (Γf = 2, k∆ = 0.4, Ψ = 5) Regular Alpha Plane [13]
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(a) Case 4: Massive Data Analysis - load and SIR (770 simulations)
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(b) Case 5: Massive Data Analysis - location (340 simulations)
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(c) Case 6: Massive Data Analysis - Fault Resistance (230 simulations)

Fig. 8. Series-compensated transmission line protection using CMS and regular alpha plane

k∆) enabled by the proposed formulation. The CMS-A1 was
adjusted aiming for improved sensitivity, therefore it operated
even under high impedance faults. On the other hand, the
CMS-A2 was set to be more secure causing it to not operate
for 16 conditions out of 230. Again, the AP was not sensitive
enough and failed to operate for 117 simulations, as shown
in Fig. 8b. A summary of the performance of the tested
algorithms is presented in Fig. 9 and Table III. The condition
that resulted in more problems for the CMS and the AP was
the fault resistance. The AP failed for 259 of 1340 simulations,
a 19% fail rate. The two adjustments of the proposed CMS-A2
only failed for 16 simulations, or 1.2% of all simulations. The

Case 4 Case 5 Case 6 Cases 4–6
0
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0 0 0 00 0
4.1% 1.2%

12.9% 12.6%

50.9%

19.3%

F
ai
l
R
at
e
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)

CMS-A1 CMS-A2 AP

Fig. 9. Fail rate of the CMS and the AP for cases 4, 5, and 6

TABLE III
SUMMARY OF THE ELEMENT PERFORMANCE OVER CASES 4, 5, AND 6

Algorithm
Cases

4 5 6 Total
CMS-A1 0 0 0 0
CMS-A2 0 0 16 16
AP 99 43 117 259

CMS-A1 element did not have any misoperations.

C. Effect of Different Ratios of Series Compensation

In order to study the effects of the compensation ratio
over the CMS, the capacitor banks of the line shown in
Fig. 3 were tuned to compensate 55% and 85% of the lines
impedance. Case 7 studies the 55% compensation where each
series capacitor bank is tuned to j21.9 mf. Case 8 presents
compensation of 85% and each series capacitor bank is set
to j33.9 mf. The results for cases 7 and 8 are shown in
Figures 10a and 10b, respectively. They present a total of 1340
simulations each with different initial and fault conditions,
according to the defined boundaries presented in Table II.
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no trip; Operation characteristic; Fault settlement region; ΓA; ΓB; ΓC

CMS-A1: (Γf = 10, k∆ = 0.2, Ψ = 25) CMS-A2: (Γf = 2, k∆ = 0.4, Ψ = 5) Alpha Plane [13]
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(a) Case 7: Massive Data Analysis - Compensation at 55% (1340 simulations)
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(b) Case 8: Massive Data Analysis - Compensation at 85% (1340 simulations)

Fig. 10. Comparison of protection performance between two settings for the CMS and the alpha plane for different compensation ratios

One can observe that Figures 10a and 10b are extremely
similar; therefore different compensation ratios did not affect
the performance of the CMS. Additionally, cases 7 and 8
present equivalent results to the ones shown in Fig. 9 and
Table III.

IV. CONCLUSIONS

This paper presented and thoroughly tested a new current
mapping strategy formulation for a series-compensated trans-
mission line. One of the benefits is the adjustable circular
fault settlement region in the alpha plane where the Γ settles
if an internal fault occurs. The user only needs to set three
parameters named Γf , k∆, and Ψ. The sensitivity and security
of the CMS can be either improved or reduced depending on
the value of the three parameters. Therefore, the settings can be
adjusted in a straightforward fashion according to the desired
emphasis (sensitivity or security). The solution’s effectiveness
was proven by the performed transient and through 1340 cases
with varying system and fault conditions. The CMS was tested
for three different compensation ratios of the line, and the
results shown that the formulation was not affected. The cases
were systematically compared with the regular alpha plane
[13]; the CMS correctly operated for all the simulations while
the regular alpha plane failed for 19.3% of all cases. Future
works will include studies for double-circuit transmission lines
with series compensation and effects of ferroresonance on
the CMS. Additionally, an adaptive CMS formulation is also
being developed by the authors and will be presented in future
publications.

V. APPENDIX

The parameters of the series-compensated transmission line
simulated in this paper are presented in Table IV. The series
capacitor banks simulated on cases 7 and 8 were set to
j21.9 mf and j33.9 mf, respectively.

TABLE IV
POWER SYSTEM SIMULATION DATA

Transmission Line

YTL0 j2.89 µf/km ZTL0 0.493 + j2.89 Ω/km
YTL1 j6.12 µΩ/km ZTL1 0.018 + j0.267 Ω/km
lTL 400 km

Series Capacitors and Shunt Reactors Bank

BSCB j27949 µf XSRB 1331 Ω

The parameters of the equivalent sources of local and remote
(L and R) are shown below:

Zi0 = SIRi0 · ZTL0 · lLT (18)
Zi1 = SIRi1 · ZTL1 · lLT (19)

SIRi0 = 0.101 (20)
SIRi1 = 0.063 (21)

where i is equal to L and R.
The energy and current trigger values for local and remote

triggered gaps are listed in Table V varying according to the
compensation ratio.

TABLE V
SETTINGS OF LOCAL AND REMOTE TRIGGERED GAPS

Data 70% 55% 85%

EL [MJ] 63.8 94.9 55.9
IL [kA] 7.32 8.74 6.2
ER [MJ] 64.2 95.3 56.2
IR [kA] 7.3 8.8 6.22
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The MOVs of local and remote terminal follow the arrester
data in Table VI.

TABLE VI
MOV ARRESTER MODEL DATA

I[A] U[V] (Local) U[V] (Remote)

0.00011 68462.5 68453.75
5.9 109540 109526
1,000 136925 136907.5
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