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Abstract—This work accomplishes a comparative analysis
between two transmission line differential protection method-
ologies available in commercial relays: percentage and alpha-
plane differential protections. In order to verify the operation
limits of the protections, several internal and external faults
were simulated considering variations of the fault location, fault
inception angle, fault impedance, and TC saturation. The alpha-
plane method presented was the most accurate and fastest since
the sequence units were not influenced by the fault impedance.

Index Terms—Transmission Line Protection, Percentage Dif-
ferential Protection, Alpha-Plane Differential Protection.

I. INTRODUCTION

Transmission lines are important components of the power
system since they connect the generation system to the
distribution system. Therefore, the power system reliability
is closely dependent of the transmission system. However,
70% of power system failures occurs on transmission lines
[1] due to their length, which makes them more susceptible
to weather conditions and vandalism. Therefore, a fast and
reliable transmission line protection operation is required in
order to prevent the emergence of faults, along all the power
system, which would yield economic losses and major power
delivery outages. [2].

The differential protection is a unitary protection, i.e., it
protects the whole line, but it does not protect adjacent equip-
ment or transmission lines. This protection presents several
advantages over the distance protection, such as a better
performance in transmission lines with serie compensation and
no dependence of the voltage measurement in the most appli-
cations [3]. However, this technique demands a more complex
communication system, which increases the implementation
costs [4].

With the advent of new digital signal processing techniques
and robust communication systems, the differential protection
has become a promising alternative for the transmission line
protection. Among the differential protection schemes applied
in transmission lines, the most traditional one is the differential
percentage [5]. However, the alpha-plane differential protec-
tion, which consists in a geometrical representation of the ratio

of the current phasors that enter and leave a transmission line
in a complex plane, has been commercially applied in the
last years [6]. This technique was designed to present a more
reliable operation when compared to the percentage one, since
it provides, by means of a complex plan, information about
the module and the phase of the local and remote currents.

This paper accomplishes a performance analysis between
the transmission line percentage differential protection and
alpha-plane differential protection, considering different chal-
lenging cases with variations of the fault type, fault location,
fault inception angle, system loading, and fault impedance,
in the presence and absence of current transformer (CT)
saturation for internal and external faults. The performance
of the alpha-plane protection method was slightly higher than
the percentage differential protection.

II. TRANSMISSION LINE DIFFERENTIAL PROTECTION

The differential protection is based on the comparison of
currents that flow to/from terminals of the protected element,
providing reliable discrimination between internal and external
faults. The limits of protection are defined by the connection
of current transformers (CTs). In an internal fault condition,
for instance, the differential relay sends the trip command for
circuit breakers in order to isolate the equipment from the
electrical system. The selectivity of this kind of protection
is high, and internal faults can be well distinguished from
external faults (faults outside the protection zone limits).

In transmission lines, CTs are usually too far apart. There-
fore, a communication system with data synchronization is
required to ensure the differential protection operates correctly
with the current samples is a same time basis. The synchro-
nization can be done by a communication channel as described
in [7], or by the use of external time references, such as
the Global Positioning System (GPS) [8]. In this work, phase
(87LA, 87LB and 87LC), negative sequence (87LQ) and zero
sequence (87LN) units were implemented.

Fig. 1 depicts all steps executed by the differential pro-
tection scheme, per sampling k. From the acquisition of the



signal, performed by the CTs, until the tripping command,
the following subroutines are executed: the preprocessing step,
which consists in performing the digital acquisition of the
CT currents using anti-aliasing filters and analog-to-digital
converters, as described in [9]; the current phasor estimation,
used to extract the module and angle of the fundamental
component of local and remote currents; and the differential
analysis, that implements logics of the percentage- and alpha-
plane differential protections.

Figure 1. The differential relay block diagram.

A. Percentage Differential Protection Algorithm

Fig. 2 depicts the traditional configuration of a percentage
differential protection circuit, composed by two CTs, two
restriction coils (RC) and one operating coil (OC). In addition
to the traditional operating coil, the restriction coil has been
incorporated into the relay, which has the main function of
reinforcing the actuation torque of the relay when an internal
fault occurs and weakens it for external faults [10].

Figure 2. (a) Differential relay: (a) External fault; (b) Internal fault.

According to Fig. 2, in nominal loading or external fault
situations, the current phasors (ÎL) and (ÎR) present the same
magnitude and opposite directions, therefore no current flows
in the operative coil, desensitizing the protection. Otherwise,
for a fault occurring inside of the protection zone, there is
a resulting current flux in the operative coil, which enables
the protection operation. The operation and restriction currents
(Iop and Ires) are given by [4]:

Iop = |ÎL + ÎR|, (1)

Ires =
|ÎL − ÎR|

2
, (2)

where ÎL and ÎR are currents at local and remote terminals,
respectively. The protection operates when:{

Iop > SLP ∗ Ires,
Iop > k0,

(3)

where SLP defines the inclination of the differential character-
istic curve; k0 corresponds to a preset threshold (pickup cur-
rent). In this application, k0 is computed taking into account
the capacitive current, that arises as a spurious differential
current.

The differential characteristic curve is obtained from the
solution of (3), with the definitions of the operating and
restriction zones (Fig. 3).

Figure 3. Characteristic percentage differential protection. [11]

B. Alpha-Plane Differential Protection Algorithm

The alpha-plane differential protection is based on the
comparison of the ratio between the local relay current (ÎL)
and the remote relay current (ÎR). Theses currents are usually
obtained by the sum of the current phasor from all network
elements (e.g. transmission lines, transformers) connected to
the respective local and remote busbars wherein the protection
act [12], [13]. Traditionally, is defined by the direct ratio of
currents between the terminals, as follows

K̂ = ÎL/ÎR. (4)

Fig. 4 depicts the alpha-plane differential characteristic,
which consists in a circular region centered in the origin of the
complex plane and delimits the border between the operation
and restriction zones. When the value K̂ exceeds the limits of
the restriction zone and achieves the operation zone, a internal
fault is detected.

According to Fig. 2, during an external fault or during nom-
inal loading, ÎL is approximately equal to ÎR, and due to the
disposition of the CTs, they have opposite directions, therefore
in this condition the point K̂ in (4), in the complex plane, will
be near to point (-1,0). The restriction area is characterized by
the hatched area in Fig. 4. It is designed to accommodate the
quotient K̂ during normal operating conditions and external
faults. During an internal fault condition, the value of K̂
becomes positive for conventional faults in the protected zone,
or negative, within circumference R2 = 1/R1, for outfeed
faults The region called “rainbow” was choosed in this paper
[3]. The operation and restriction zones were defined according



to [14], taking into account the effects of the communication
delays, capacitive currents and CT saturation.

Figure 4. Differential element alpha plane protection.

III. PERFORMANCE EVALUATION

This section presents the results obtained from the com-
parative performance analysis of the percentage differential
and alpha-plane algorithms for several simulated internal and
external faults. Fig. 5 depicts a single line diagram of the 230
kV power system proposed by [15], which was modeled in the
MATLAB/Simulink in this paper. The protection system was
designed to protect a 200 km transmission line between bars
2 and 3. The transmission lines were modeled by considering
its distributed parameters, and perfectly transposed.

Figure 5. Power system model proposed by [15].

Two CTs described in [15] and configured at 800-5 A and
800-5 A taps were installed in the local and remote terminals,
respectively. The currents were sampled at 15.36 kHz, and
filtered through a second-order Butterworth anti-aliasing low-
pass filter, with cutoff frequency of 960 Hz, for the elimination
of the high-frequency content of the measured currents. After
the analog filtering, the signals were subsampled to a rate of
960 Hz, which corresponds to 16 samplings per cycle of 60
Hz, and then the phasors were estimated based on the one-
cycle Fourier algorithm.

The effect of the communication channel was considered
taking into account a delay in the samples sent from each
terminal in accordance with the communication protocol de-
scribed in [16]. The time considered to emulate the message
processing in the communication device is 3 ms, whereas
the transmission of the signal through the optical fiber in
200 km takes 2 ms as described in [17]. Therefore, the total
communication delay was 5 ms.

For the differential analysis, a relay was installed in each
line terminal, with their respective three-phase, negative-
sequence, and zero-sequence units.

Table I shows the fault parameters used to assess the differ-
ential protections, considering the presence and absence of CT

saturation. All simulated cases were obtained by changing one
parameter at time, the others were maintain at default values:
fault inception angle of θf = 0◦, fault resistance of rf = 0
Ω, and fault location at df = 100 km. Therefore, a thorough
protection evaluation with challenging cases was performed.

Table I
CONFIGURATION FOR INTERNAL FAULTS

Simulation variables Values
Fault type AG, AB, ABG, ABC

Fault location df (km) 20, 100, 180
Fault resistance rf (Ω) 0, 100, 300, 500, 600, 700, 900, 1000

Fault inception angle θf (◦) 0, 45, 90, 135, 180

Table II
CONFIGURATION FOR EXTERNAL FAULTS

Simulation variables Values
Fault type AG, AB, ABG, ABC

Fault location df (km) TL1, TL2, Bus 2, Bus 3
Fault resistance rf (Ω) 0, 100, 500

Fault inception angle θf (◦) 0, 45, 90

A. External faults

Fig. 6 depicts the performance of phase and sequence units
considering single fault with and without CT saturation, out
of protection zone on the local bar.

CTs are responsible for replicating currents to reduced
values for system operation allowing correct and timely iden-
tification of faults and disturbances. During the saturation
period, the CT secondary signals do not faithfully represent
the current signals of the TL, i.e. the measures at the line
terminals will be very different from each other, allowing the
differential protection to act improperly.

The units of the percentage method have higher sensitivity
to CT saturation for external faults, in Figs. 6(a), (c) and
(e), the trajectory of the operation and restraint points is
present for the entire fault period, in case of non-saturation the
whole trajectory (black curve) remains in the restriction zone,
while during saturation condition the measurement of the line
currents are distorted, generating points outside the restriction
zone, i.e. the trajectory presents points in the operating zone,
featuring as an unsafe protection operation. After the saturation
over, the measurements normalize leading the trajectory to the
steady state point.

Regarding the alpha-plane method, the 87LA 87LG and
87LQ units does not show significant variation when CT
saturation occurs only during the transient fault period. During
external faults, even under saturation condition the current
direction after CT continue in opposite directions, generating
a negative ratio within the restriction zone.

During saturation, there is the possibility of improper actu-
ation of differential protection for faults outside the protection
zone, according Fig. 6, therefore an external fault detection
routine based on the second harmonic current detection is used
[18], which blocks the units from acting through an external
saturation fault.



Performance for both methods was 100%, i.e. no external
fault was detected as internal fault even in the presence of CT
saturation.
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Figure 6. External fauts: (a) Percentage 87LA; (b) Alpha-plane 87LA; (c)
Percentage 87LG; (d) Alpha-plane 87LG; (e) Percentage 87LQ; (f) Alpha-
plane 87LQ.

B. Internal faults

1) Internal single-phase-to-ground fault: Fig. 7 depicts
the performance of the phase, negative sequence and zero
sequence units of the percentage and alpha-plane differential
protections, for an internal single-phase fault considering dif-
ferent fault locations and resistances.

According to Figs. 7(a) and (b), the 87LA unit tends to lose
sensitivity as the fault impedance increases for both methods.
Taking the local terminal as reference, as fault distance and
fault impedance increase, the sensitivity of the methods de-
creases until fault identification is no longer possible, leading
the points associated to these situations to the restriction zone.
The 87LA unit of the percentage method was able to detect
71.43%, whereas the same unit of the alpha-plane method was
able to identify only 58.10% of the single-phase faults.

Regarding the 87LG (Figs. 7 (c) and (d)) and 87LQ units
(Figs. 7 (e) and (f)), the alpha-plane method was immune
to the fault impedance variation, being dependent only of

the fault location. However, these units were still able to
ensure, each one, a success rate of 100% for all single-
phase faults. Or the other hand, the 87LG and 87LQ units
of the percentage method were strongly affected by the fault
impedance variation, failing to detect faults with resistances
above of 900 Ω (success rate of 85,71%) for both units.
Considering the general performance of the protections, the
percentage method presented a success rate of 85,71% with
an average delay time of 13.61 ms, whereas the alpha-plane
method ensured a success rate of 100 % with an average delay
time of 7.9 ms.
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Figure 7. Internal single-phase-to-ground faults: (a) Percentage - 87LA unit;
(b) Alpha-plane - 87LA unit; (c) Percentage - 87LG unit; (d) Alpha-plane -
87LG unit; (e) Percentage - 87LQ unit; (f) Alpha-plane - 87LQ unit.

2) Internal single-phase-to-ground fault with CT satura-
tion: Fig. 8 compares the performance of protections under
local CT saturation situation. A single phase fault was sim-
ulated with df = 20 km, rf = 600 Ω, and θ = 0o. After
CT saturation, the trajectory performed in the percentage and
alpha-plane zones is affected causing a great time to reach the
steady state. For example, in Fig. 8 (a) the 87LA unit for the
percentage method detects the fault in 10 samples, while under
saturation detection occurs in 13 samples, while the percentage



method in fig. 8 (b) detects the fault in 5 and 9 samples for
the case without and with saturation respectively. The same
effect is presebt in the sequence units Figs. 8 (c), (d), (e) and
(f).

The percentage of detection faults with saturation is is
smaller than cases without saturation, in case of saturation
faults with higher fault impedances, the methods do not
operate properly.

Figure 8. Internal single-phase-to-ground faults with CT saturation: (a)
Percentage - 87LA unit; (b) Alpha-plane - 87LA unit; (c) Percentage - 87LG
unit; (d) Alpha-plane - 87LG unit; (e) Percentage - 87LQ unit; (f) Alpha-plane
- 87LQ unit.

3) Internal double-phase-to-ground fault - ABG: Fig. 9
depicts the performance of the protection units for internal
double-phase-to-ground faults. According to Fig. 9(a), the
performance of the 87LA unit of the percentage method
was scarcely affected by the fault impedance variation and
a success rate of 100% was achieved by this unit. Regarding
the alpha-plane method, despite the 87LB unit present 99.3%
of efficiency, the 87LA unit was able to detect all cases (100%
of success rate) in Fig. 9(b).

Regarding the sequence units, the increase of the fault
impedance affected the performance of the 87LG unit of the
percentage method, which was not able to operate for faults
with resistance above 600 Ω, ensuring a success rate of only
52.38%. The 87LQ unit operated for all faults (100% of
success rate). For the alpha-plane method, the 87LG and 87LQ
sequence units in Figs. 9(d) and (f) were not affected by the
fault resistance in presenting success rates of 100%, each one.
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Figure 9. Internal double-phase-to-ground faults: (a) Percentage - 87LA unit;
(b) Alpha-plane - 87LA unit; (c) Percentage - 87LG unit; (d) Alpha-plane -
87LG unit; (e) Percentage - 87LQ unit; (f) Alpha-plane - 87LQ unit.

4) Internal three-phase fault - ABC: Fig. 10 depicts the
behavior of the phase units of both methods for an internal
three-phase fault, considering df = 100 km, rf = 0 Ω, and
θ = 0o, with and without the presence of saturation.

Fig. 10 (a) and (b) show the behavior of the phase units
87LA, 87LB and 87LC of the percent method with and
without local CT saturation, respectively. The trajectory of
the operating and restraint points is represented from the pre-
fault moment to the steady-state fault. The situation with
CT saturation presents a greater variation in the trajectory



behavior, however this aspect did not affect the detection for
internal faults for the percentage method.

Considering the alpha-plane method in Fig. 10 (c) and
(d), the CT saturation has influence on the phase units,
analyzing the fault path for phase A during saturation there
is a sample that is located in the restriction zone, causing the
fault detection time to be extended for this unit. The steady-
state for both cases is similar so that 100% of the faults were
detected by all phases.
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Figure 10. Internal three-phase faults: (a) Percentage - 87LA, 87LB and
87LC; (b) Alpha-plane - 87LA, 87LB and 87LC; (c) Percentage with
saturation - 87LA, 87LB and 87LC, (d) Alpha-plane with saturation - 87LA,
87LB and 87LC

IV. CONCLUSION

This paper presented a comparison between the percentage
and alpha-plane differential protection algorithms applied in
the transmission line protection considering different inter-
nal and external fault scenarios, with variations of the fault
type, fault location, fault resistance, fault inception angle,
and system loading, as well as current transformer saturation.
Both strategies presented a fast fault detection, with average
detection time of 9.53 ms for the percentage and 7,77 ms for
the alpha-plane method. The alpha-plane method presented the
best performance, ensuring a success rate of 100 % against
98,43 % of the percentage one.

The internal faults not detected by the percentage method
were of the high impedance single-phase type near the re-
mote bar, however the alpha-plane method guarantees 100%
detection of this type of fault due to the characteristic of the
sequence units, since they are not influenced by the impedance
of the fault. lack, whereas the conventional percentage method
detected 95.3% of the single-phase faults.

The study performed in this work is important for the
understanding of methodologies and aspects that affect the
safety and reliability of a differential protection system for
transmission lines, where the percentage differential protection
presented limitations mainly in the identification of high
impedance faults, whereas the alpha-plane method was the
most robust and presented the fastest response time.
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