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Sub-Cycle Phase Angle-Oriented Algorithm for
Identifying Fault Direction in Renewable-Rich

MV Distribution Grids
Mohsen Tajdinian , Behzad Behdani , Member, IEEE, Md Tanbhir Hoq , and Marjan Popov , Fellow, IEEE

Abstract— The integration of renewable energy sources has
significantly impacted power system protection schemes, primar-
ily by increasing short-circuit fault currents, which, in turn,
raises the possibility of current transformer (CT) saturation, and
by introducing bidirectional fault current flow, which interferes
with the directional selectivity of relays in detecting downstream
faults. This study presents a novel fault direction identifica-
tion algorithm aimed at immunization against CT saturation
effects, especially in medium voltage (MV) distribution grids
integrated with renewable sources. To achieve this, two distinct
computational frameworks have been developed and proposed.
The first framework utilizes the modified least squares (MLSs)
method, while the second employs a modified Kalman filter
(MKF). Both algorithms calculate the fundamental current phase
angle using a sub-cycle window of current samples, ensuring
resilience to heavily distorted waveforms caused by CT satura-
tion, even under conditions of deep saturation. The effectiveness
of the proposed method is validated through numerous tests
conducted on fault currents recorded via simulation scenarios
and field measurements, considering various fault inception
times, resistances, and locations, together with different neutral
grounding arrangements. Comparative assessments of the two
developed frameworks across different scenarios indicate that
both methods exhibit promising performances, although the least
square-based method demonstrates superior efficiency compared
to the Kalman filter-based method.

Index Terms— Current transformer (CT) saturation, direc-
tional relay, Kalman filter, least squares (LSs), protection.

I. INTRODUCTION

B IDIRECTIONAL medium voltage (MV) distribution
grids with dispersed generations (DGs) pose challenges

to conventional protection schemes in deregulated radial
distribution MV distribution grids [1]. While meshed struc-
tures enhance the reliability of power grids, they introduce
complexities to protection schemes due to multiple sources
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contributing to fault current signals [2]. Consequently, fault
direction becomes variable, depending on factors such as fault
location (FL), generator size, and power system structure [3],
[4]. Changes in fault current may cause current-dependent
protective relays (e.g., distance and overcurrent relays) to
malfunction for out-of-zone faults [5]. Hence, directionally
selective schemes are necessary for networks with multiple
sources and meshed structures to improve sensitivity and
security through fault direction identification [6]. Concerning
the domain of analysis, the published directional algorithms
are categorized as follows.

1) Time domain (TD) algorithms [7], [8], [9], [10]: These
algorithms operate based on computations utilizing volt-
age and/or current signals. In [7], the superimposed
components technique was employed for measured volt-
age signals to discriminate fault direction. The sign
of correlogram function applied to pre- and postfault
current signals was proposed as fault direction detection
criteria in [8]. A directional algorithm based on the rate
of change of current over time was presented in [9].
In [10], the instantaneous frequency calculated from
the current signal was utilized as a directional index.
Generally, TD algorithms have low response delays (less
than 5 ms) and introduce less computational burden in
comparison with other techniques. However, these meth-
ods require threshold readjustment to properly operate
for different power systems.

2) Frequency domain (FD) algorithms [11], [12], [13]:
These algorithms are developed based on variations in
phasor components of currents and/or voltages. The
method in [11] is developed based on the variations
in amplitudes of measured fundamental current and
voltage components. The symmetrical components are
utilized for fault direction detection in [12] and [13],
where the former employs the negative sequence current,
and the latter applies the sequence current amplitude
along with sequence phase angle as directional criteria.
These methods are less sensitive to noise and fault
transients compared with TD algorithms. However, these
algorithms mostly introduce a full cycle delay, as the
required phase angles are computed by discrete Fourier
transform (DFT).

3) Time-FD (TFD) algorithms [14], [15], [16], [17]: These
algorithms operate based on the features extracted from
measured current and/or voltage signals. A protection
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TABLE I
SUMMARIZING THE FEATURES OF DIRECTION RELAY ALGORITHMS

logic was proposed in [14] by employing wavelet
transform to extract fault transient signatures. The ini-
tial arrival of fault traveling wave was identified by
wavelet transform and utilized as the directional index
in [15]. A similar approach was proposed in [16],
where a directional detection criterion was developed
based on the traveling wave polarity calculated from
the synchrosqueezing transform. The signatures of fault
traveling waves extracted by S-Transform were applied
in another application to determine the fault zone in
an HVDC converter station [17]. TFD algorithms are
widely applied for other critical power system protection
schemes as well [18]. Compared with other groups,
these algorithms show faster responses. However, their
requirements for high sampling rates and high sensitivity
to noise are the main drawbacks of the TFD algorithms.

4) Artificial intelligent algorithms [19], [20], [21]: These
algorithms utilize AI networks trained based on features
on the current and/or voltage signals to determine fault
direction. In [19], a neural network (NN) trained by
features extracted by wavelet transform was proposed.
A modular NN was proposed as a directional relay
algorithm in [20], while [21] presents a multilayer
feedforward NN for this task. The models built on AI
algorithms have been proposed for different protection
strategies in power systems [22]. Although for their
quick and highly accurate responses, these methods
demand huge training datasets, considerable computa-
tional time to build the model, and also require retraining
to rebuild the model upon network topology changes,
marking the main drawbacks of these algorithms.

State-of-the-art directional protection algorithms can be
compared based on various factors, including the type of input
signals, response time, sampling frequency, noise sensitivity,
and complexity, as summarized in Table I. From Table I,
it is evident that TD algorithms exhibit superiority over
other approaches. However, it should be noted that while TD
algorithms offer advantages, they are not completely immune
to signal distortions. This is particularly critical for current-
only algorithms, which are susceptible to current transformer
(CT) saturation. With the integration of renewable energy
resources (RESs) into MV distribution grids, the likelihood
of CT saturation due to enhanced short-circuit faults has
increased significantly.

Additionally, RESs may introduce transient components
into fault currents, which have not been thoroughly studied

previously. It has been acknowledged that in the case of a
short circuit close to a rotational generator [i.e., synchronous
generator (SG) or induction generator (IG), doubly fed IG
(DFIG)], the sinusoidal component of fault current does not
remain constant-magnitude and may vary in time. The main
reason is that in a fault close to the terminal of a rotational
generator, the flux is not constant, and it starts to change [23].
These changes are reflected in voltage and current magnitudes
as time-variant terms. Apart from the magnitude, the frequency
can also vary, especially for IGs and DFIGs [23]. More
specifically, when a fault happens, high currents can damage
the converters, and therefore, crowbar operation is provided to
limit the short circuit current. If, due to a short-circuit fault,
the crowbar protection is activated, the stator fault current
of DFIGs would behave similar to IGs [24], [25]. In such a
condition, not only would the magnitude of the stator current
exhibit time-variant behavior, but its frequency would also vary
due to the slip variation. As a result of these transient behaviors
in RESs, the directional algorithms may operate with large
delays or even incorrectly [9], [10].

Consequently, the rapid identification of fault direction
and maintaining detection immunity to CT saturation pose
challenges for current-only directional algorithms, especially
for deregulated MV distribution grids.

To effectively address the challenges outlined, this article
presents two efficient fault direction identification frameworks
tailored for numerical relays considering the challenges in
renewable-rich MV power distribution grids. These frame-
works are built on the principle of sub-cycle calculation of
the fundamental current component’s phase angle, categorizing
them under FD directional relay algorithms. The following
highlights the contributions of this article.

1) Depending on the fault condition, the fault current may
contain asymmetrical decaying dc offset, which can
introduce substantial oscillations to the estimated funda-
mental current phase angle. To mitigate the influence of
the decaying dc offset, a series of analytical formulations
are introduced to estimate its time constant. These
formulations, as demonstrated, require less than five
samples (considering 100 samples/cycle sampling rate
and nominal frequency 50 Hz) for accurate estimation.
It is important to note that the estimated time constant
will be utilized in the subsequent stage to estimate the
fundamental current phase angle.

2) With the time constant determined and accounting for
the presence of an exponentially decaying dc com-
ponent, the phase angle of the fundamental current
component is estimated using the following two frame-
works.

a) The first framework introduces a modified sliding
window least squares (LSs) technique designed to
estimate the phase angle of the fundamental current
component within a sub-cycle time frame.

b) The second algorithm employs a Kalman filter to
derive the phase angle of the fundamental current
component. Due to its recursive nature, the Kalman
filter ensures minimal computational burden and
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requires only a minimum amount of sampling data
for accurate estimation.

3) The proposed algorithms require only a minimum num-
ber of current samples to estimate accurately the phase
angle of the fundamental current component. As a result,
they exhibit strong immunity to CT saturation effects
during faults.

4) Given that CT saturation effects typically occur within
the first cycle, the proposed sub-cycle method is com-
plemented by a CT saturation detection criterion. This
criterion calculates phase angle differences to verify the
accuracy of the phase angle provided to the directional
relay. In nonsaturated intervals, the difference is nearly
zero, while during saturation, the difference becomes
significant, allowing the criterion to detect saturation.

The rest of the article contains the following: Section II
describes the mathematical basis of the proposed algo-
rithms. Section III provides the directional relay criteria and
implementation. Sections IV–VI contain the simulation and
experimental results with the performance comparison
and discussions. Finally, Section VII concludes the achieve-
ments of the proposed algorithms.

II. PROPOSED ALGORITHMS

To calculate the fundamental phase angle, a two-stage
algorithm is developed. In the first stage, the dc compo-
nent is removed through derivative-based formulations and
time-constant estimation. In the second stage, the proposed
algorithm calculates the fundamental current component’s
phase angle via either of two frameworks, i.e., the modified
least square (MLS) technique or the modified Kalman filter
(MKF). Eventually, the fundamental phase angle is sent to
the directional relay criteria for decision-making on the fault
direction.

A. Time Constant Estimation

Fault current may be contaminated with an exponentially
decaying dc component, showing asymmetrical behavior.
Under the fault condition, the current signal is represented
as follows:

i(t) = Idce−t/τdc + Im cos(2π f0t + α) (1)

where Im , α, and f0 are the magnitude, phase angle, and fre-
quency of the fundamental component, respectively. Besides,
Idc and τdc are the magnitude and time constant of the expo-
nentially decaying dc component, respectively. It is important
to note in digital protective relays or intelligent electronic
devices (IEDs), the system frequency is monitored by a
preprocessing block for different applications, including fault
detection, and impedance calculations. Similar to any other
frequency-dependent algorithms, the computations of the pro-
posed methods are carried out by receiving the nominal
frequency as an input. By calculating the first, second, and
third derivatives of (1), the following expressions are obtained:

di(t)
dt
= −

Idce−t/τdc

τdc
− 2π f0 Im sin (2π f0t + α) (2)

d2i(t)
dt2 =

Idce−t/τdc

(τdc)2 − (2π f0)
2 Im cos (2π f0t + α) (3)

d3i(t)
dt3 = −

Idce−t/τdc

(τdc)3 + (2π f0)
3 Im sin (2π f0t + α). (4)

By applying some mathematical manipulations and simpli-
fications on (2)–(4), the expression in (5), as shown at the
bottom of the next page, can be concluded.

Simplifying expression (5), the time constant is estimated
as follows:

τdc =

∣∣∣∣∣∣∣∣
d2i(t)

dt2 + (2π f0)
2i(t)

d3i(t)
dt3 + (2π f0)2 di(t)

dt

∣∣∣∣∣∣∣∣. (6)

For simplicity, the formulations to calculate the time con-
stant are derived in continuous form. It is worth noting that
in practice and during implementation, the first, second, and
third order of derivations is approximated using backward
difference. This means at least five samples of current signals
are required to estimate the time constant.

B. Least Square-Based Phase Angle Calculation

The fault current expression (1) can be rewritten in the form
of (7). Considering that the time delay is calculated by (6),
three unknown variables, i.e., Im , α, and Idc remain. Fault
current can be expanded and expressed discretely as follows:

i(n) = Idce−nTs/τdc

+ Im cos (α) cos (2π f0nTs)− Im sin (α) sin (2π f0nTs).

(7)

Taking the effect of noise vector v into consideration, (7)
can be rewritten in matrix form for n consecutive samples as
follows:

In×1
i = In×3

s × I3×1
x + vn×1 (8)

In×1
i = [i(1) i(2) i(3) . . . m i(nTs)]T (9)

I3×1
x = [Idc Im cos (α) Im sin (α)]T (10)

In×3
s =


e−Ts/τdc cos (2π f0Ts) − sin (2π f0Ts)

e−2Ts/τdc cos (2π f02Ts) − sin (2π f02Ts)

e−Ts/τdc cos (2π f03Ts) − sin (2π f03Ts)
...

...
...

e−nTs/τdc cos (2π f0nTs) − sin (2π f0nTs)

. (11)

The LS technique is a reliable and fast solution for (8),
which is able to estimate unknown parameters I x such that
the sum of squares of noise terms (errors) in v are minimized.
Yielding this condition, the unknown states are estimated
as [26]

I x =
(
IT

s I s
)−1 IT

s I i (12)

where T is a transpose notation. At each current sample, the
fundamental current phase angle (α) is obtained using (10) as
follows:

α(n) = tan−1
(
−

I x (3)

I x (2)

)
. (13)
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C. Kalman Filter-Based Phase Angle Calculation

The Kalman filter is a powerful tool for state estimation in
power systems [27], and here, it is employed to estimate the
fundamental current component’s phase angle as

I x (n + 1) = 8(n)I x (n)+ 0(n)w(n) (14)
I i (n) = I s(n)I x (n)+ ε(n) (15)

where according to (7)

I x (n) = [Idc Im cos (α) Im sin (α)]T (16)

8(n) = I3×3 (17)

I s(n) =
[
e−nTs/τdc cos (2π f0nTs) − sin (2π f0nTs)

]
(18)

where I denotes identity matrix and (14) and (15) are cor-
responding to the state variable I x (n) and the measured
samples I i (n). Notice that 8(n) and I s(n) are transition and
measurement matrices, respectively. The terms w(n) and ε(n)

are state noise and measurement error with covariance matrices
Q and R, respectively. Here, it is assumed there is no random
input, meaning w(n) is zero, and thus, Q = 0 [28]. On the
other hand, R is calculated as suggested in [29], where the
system output is held constant, and the noise effect is extracted
by first removing its mean from the data and then calculating
the covariance from the residual data.

Kalman filter [28], assumes an initial value for state vari-
ables I x (n), and as each sample of the current signal becomes
available, the state variable is recursively updated. The recur-
sive calculation is mathematically expressed as follows:

I x (n + 1) = 8(n)I x (n)+ K (n + 1)I i (n + 1)

− K (n + 1)I s(n + 1)8(n)I x (n). (19)

The recursive calculation in (19) requires calculating the
gain matrix K . To calculate the gain matrix K , first, the
covariance matrix P should be updated as follows:

P(n + 1|n) = 8(n)P(n|n)8T(n)+ 0(n) Q(n)0T(n) (20)

where T denotes the transpose of the matrix. As mentioned
above, since there is no random input to the system, the term
related to Q is disregarded. Using (20), the gain matrix is
updated as follows:

K (n + 1) = P(n + 1|n)IT
s (n + 1)

×
[
I s(n + 1)P(n + 1|n)IT

s (n + 1)+ Rk+1
]−1

.

(21)

For the next iteration, covariance matrix P is updated as

P(n + 1|n + 1) = [I− K (n + 1)I s(n + 1)]P(n + 1|n). (22)

At each current sample, the fundamental current compo-
nent’s phase angle (α) is obtained using (18) as follows:

α(n) = tan−1
(
−

I x (3)

I x (2)

)
. (23)

It should be noted that I i , I x , and I s have the same role for
both least square and Kalman filter phase angle estimation.

D. Fourier Transform-Based Phase Angle Calculation

The DFT algorithm is one of the most straightforward
mathematical methods applied for frequency-domain analysis,
especially in power system protection [28]. This algorithm is
widely used for extracting fundamental phasor components in
power systems. To extract the real and imaginary parts of the
fault current signal in (1), the DFT algorithm is applied as
follows:

IRe =

k∑
n=1

i(n) sin
(

2π f0nTs

k

)
(24)

IIm =

k∑
n=1

i(n) cos
(

2π f0nTs

k

)
(25)

where IRe and IIm denote the real and imaginary parts of the
fault current, respectively, Ts is the sampling time, and k is
the total number of samples in one cycle.

Using the real and imaginary parts of the fault current
calculated by the DFT algorithm according to expressions (24)
and (25), the fundamental phasor component of the fault
current (Im∢ α) can be obtained as

Im =

√
I 2
Re + I 2

Im (26)

α = tan−1
(

IIm

IRe

)
. (27)

In this article, the DFT algorithm is used as a basis to
evaluate the performances of the proposed MLS and MKF-
based frameworks.

III. DIRECTIONAL RELAY CRITERIA
AND IMPLEMENTATION

The directional relay criterion (DRC) is based on the
variation of the fundamental phase angle and is defined

d2i(t)
dt2 + (2π f0)

2i(t)

d3i(t)
dt3 + (2π f0)2 di(t)

dt

=

Idce−t/τdc

(τdc)2 − (2π f0)
2 Im cos (2π f0t + α)+ (2π f0)

2(Idce−t/τdc + Im cos (2π f0t + α)

−
Idce−t/τdc

(τdc)3 + (2π f0)3 Im sin (2π f0t + α)+ (2π f0)2

(
−

Idce−t/τdc

τdc
− 2π f0 Im sin (2π f0t + α)

)

=

Idce−t/τdc

(τdc)2 + (2π f0)
2 Idce−t/τdc

−
Idce−t/τdc

(τdc)3 − (2π f0)2 Idce−t/τdc

τdc

= −τdc (5)
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as follows:

DRC(n) =
α(n)

π
(28)

where DRC(n) is the criteria at nth sample after fault incep-
tion. Besides, to ensure the immunity of DRC to CT saturation,
a condition for CT saturation detection is defined

SI(n) =
|α(n)− α(n − 1)|

π
(29)

where SI(n) is the value of saturation index (SI) at nth sample.
If the value of SI(n) exceeds a certain threshold for five
consecutive samples, then saturation is detected, and new
values will not be calculated for DRC that remains unchanged
for the subsequent samples of current signals.

The permissible range for forward and backward faults is
derived based on the following assumptions.

1) Normal power flow (NPF): is one of the factors that
affect the permissible range of the fault current direction.
According to the positive and negative NPF directions
for the relay position, the load angle (γ ) is considered
to be within the interval (−π/6 < γ < π/6).

2) There are various transmission lines in a power grid
with different per kilometer impedances, which affect
the impedance angle (θ ) and consequently the phase
angle after fault inception. Here, the impedance angle
(θ ) is assumed to be within the range (π/4 < θ < π/2)
to account for both distribution lines (with low L/R
ratios) and transmission lines (with high L/R ratios).

Based on previously mentioned assumptions, the phase
angle after fault inception, i.e., α, will be within the following
ranges corresponding to forward and backward faults.

1) Forward: α f = γ −θ , resulting −2π/3 < α f < −π/12.
2) Backward: αb = γ − θ + π , resulting π/3 < αb <

11π/12.
According to the permissible ranges for forward and back-

ward faults, the index will be within the following ranges.
1) Forward Fault: −2π/3 < α f < −π/12, which results

in −2/3 < DRC f < −1/12.
2) Backward Fault: π/3 < αb < 11π/12, which results in

1/3 < DRCb < 11/12.
Fig. 1 shows the implementation procedure of the proposed

directional framework. The operation zones of the proposed
framework as described above are graphically depicted by the
diagrams in Fig. 2. The current samples are obtained at a sam-
pling frequency of 5 kHz corresponding to 100 samples/cycle
for 50 Hz frequency. It is worth mentioning that here, for
the sake of comprehensiveness, the fundamental frequency is
tracked by a Frequency Tracking Block in MATLAB, calcu-
lating the derivative of the phase angle variation of the signal
for a synchronous phasor rotating at the specified nominal
frequency [30]. The proposed directional framework is detailed
by the steps in Algorithm 1.

IV. SIMULATION RESULTS AND DISCUSSIONS

In the following, the performance of the presented direc-
tional algorithm is evaluated based on both calculation
frameworks. Fig. 3 shows a modified microgrid adopted

Fig. 1. Implementation procedure of the proposed directional framework.

Fig. 2. General operation zones of the proposed directional framework in
(a) polar plane and (b) TD.

from [31], simulated in MATLAB/Simulink. The microgrid
contains four DGs, including one DFIG, one IG, an inverter-
based photovoltaic (PV) farm, and a SG. Detailed dynamic
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9005211 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

Algorithm 1 Proposed Directional Framework

Input: Current sample i(n)

Output: Fault Direction: Forward or Backward
1. Receive i(n)

2. Check for fault occurrence
if fault flag = 0

Go to step 1
else

3. Derive time constant τdc from (6)
4. Select a Method

MLS: Estimate Im cos (α)&Im sin (α) from (8)-(12)
Calculate phase angle α(n) from (13)

MKF: Estimate Im cos (α)&Im sin (α) from (14)-(22)
Calculate phase angle α(n) from (23)

5. Calculate DRC(n) from (28)
6. Check for Saturation using SI(n) from (29)
7. count = 0;
8. if SI(n) ≥ threshold
9. count = count+ 1;
10. if count ≥ 5
11. DRC(n) = DRC(n − 1)

12. end if
13. else
14. count = 0;
15. end if
16. if −2/3 < DRC(n) < −1/12
17. Fault Direction ← Forward
18. else if 1/3 < DRC(n) < 11/12
19. Fault Direction ← Backward
20. end if
21. end
21. return Fault Direction

models have been implemented for all the generators, consider-
ing parameters such as the inertia constant, friction factor, and
generator transient and sub-transient reactances and torques.
For the inverter-based wind farm, the Type-4 detailed model
in MATLAB/Simulink is applied. The power transformers
are modeled considering the magnetization branch with the
nonlinear saturation and hysteresis effects according to the
guidelines in [32] and [33]. Additionally, PI-section models
are utilized to model the distribution lines. While the general
specifications of the adopted microgrid are given in Table II,
the detailed parameters of the test system are provided in [31].

The main circuit breaker (CB), positioned near transformer
number 1 (T#1), is employed to reproduce the grid-connected
and islanded operation modes. In addition, CBs 1 and 2 can be
used to change the topology from radial to loop and vice versa.
Several fault scenarios, including different fault types (FTs),
FLs, fault resistance (FR), and fault incipient angles (FIAs),
considering different combination statuses of CBs for loop and
radial in grid-connected and islanded modes are generated. The
specifications for the fault and switching conditions are shown
in Table III.

The directional relays are installed at the two sides of bus 5.
At each side, three single-phase class 5PX CTs are applied

Fig. 3. Test system for performance evaluation of proposed detection index.

TABLE II
GENERAL SPECIFICATIONS OF THE ADOPTED TEST SYSTEM

TABLE III
CONDITIONS OF CASE STUDIES

with the turn ratio of 1200/5 and the burden capacity of
20 VA, according to the specifications given in [34]. Similar
to the power transformers, the CTs are modeled considering
the parameters, including winding resistances and leakage
inductances, and core magnetizations and losses, along with
the nonlinear effects of saturation and hysteresis according
to [32] and [33]. With these CTs, the relay can measure
the instantaneous values of fault currents and voltage signals

Authorized licensed use limited to: TU Delft Library. Downloaded on October 03,2024 at 07:18:22 UTC from IEEE Xplore.  Restrictions apply. 



TAJDINIAN et al.: SUB-CYCLE PHASE ANGLE-ORIENTED ALGORITHM FOR IDENTIFYING FAULT DIRECTION 9005211

Fig. 4. Performance of the fault direction detection algorithm. (a) Fault
current signal for SLG fault between buses 3 and 5. (b) Calculated DRC
using different frameworks for SLG fault between buses 3 and 5.

in intervals of 1 ms. At the 50 Hz frequency, this relay
can record 20 samples/cycle. Since the proposed algorithms
require 100 samples/cycle, the recorded data are first resam-
pled using the resampling function in MATLAB software and
then fed to the algorithm for further processing. It is also
worth noting that the adopted relay can memorize the event
for 50 consecutive cycles, recorded in the Comtrade format,
which is the standard format for protective relays.

As mentioned earlier, to demonstrate the effectiveness of
the proposed algorithms more clearly, phase angles estimated
by the DFT are also used as a reference and further shown in
the results.

A. Faults With/Without Saturation

Fig. 4 shows waveforms from a single line to ground (SLG)
fault between buses 3 and 5 with the resistance of 10 �,
initiated at t = 0.3 s considering grid-islanded mode. Consid-
ering (DR#56) as the measurement reference, it can be seen
in Fig. 4, that MKF and DFT identify the fault’s backward
direction after 14 and 16.5ms, respectively measured from
fault occurrence instant at 0.3s. However, MLS identifies the
fault’s backward direction only 2ms after fault inception. It is
deduced that MKF and DFT are more sensitive to the decaying
dc compared to MLS, and thus, they introduce longer delays
with respect to MLS.

For a short circuit containing CT saturation, the current
signal becomes significantly distorted and deviates notably
from the standard waveform of (1). The two fault signals
accompanied by CT saturation are shown in Fig. 5 including
a triple line to ground fault (3LG) between buses 3 and 5,
initiated at t = 0.3 s, and a double line to ground fault
(LLG) between buses 5 and 6, initiated at t = 0.304 s
considering grid-islanded mode. Considering (DR#56) as a
reference measurement, as seen in Fig. 5(b) and (d), both MLS
and MKF identify the correct direction in less than 4ms, while
DFT reaches correct identification after almost 50ms in both
cases. Compared to DFT, calculations within an unsaturated
interval make the MLS and MKF less susceptible to CT
saturation effects.

B. High-Impedance Faults

High-impedance faults (HIFs) are challenging for con-
ventional protection relays to detect due to their low-fault
current magnitude. In addition, since HIFs accompany arcs,
their waveforms are highly distorted, containing high-order
harmonics. To evaluate the capabilities of the two proposed
directional frameworks, the distortion-controllable HIF model

Fig. 5. Performance of the fault direction detection algorithm under CT
saturation. (a) Fault current signal for 3LG fault between buses 3 and 5.
(b) Calculated DRC via different frameworks for 3LG fault between
buses 3 and 5. (c) Fault current signal for 2LG fault between buses 5 and 6.
(d) Calculated DRC via different frameworks for 2LG fault between
buses 5 and 6.

TABLE IV
CONDITIONS OF CASE STUDIES

has been used for simulation cases. The distortion-controllable
model effectively reflects the nonlinearity of the HIFs based on
different materials and humidity conditions [35]. This model
is characterized by four parameters, including OFS, EXT,
DUR, and RT, corresponding to offset, extension of distortions,
duration, and impedance, respectively. More than 100 HIF
scenarios are generated and applied to the algorithms. For
conciseness, only two scenarios are introduced in Table IV
in grid-connected mode. With (DR#56) as measurement refer-
ence, Fig. 6 shows that all algorithms have correctly identified
the fault direction for HIFs. However, in both scenarios, the
MLS algorithm achieves the correct identification after 2.5 and
3 ms corresponding to forward and backward faults. The time
required for correct direction identification by MKF and DFT
algorithms is around 12.5 and 16.5 ms respective to forward
and backward faults.

C. Faults Near Rotational Generators

As explained in the Introduction, in case of a short circuit
close to a generator (i.e., SG or IG, DFIG), the sinusoidal
part of the fault current may not remain constant-magnitude.
Furthermore, the frequency can also vary, especially for IGs
and DFIGs [23]. In such cases, directional algorithms may
operate with large delays or even incorrectly since the actual
fault current may not be similar to the standard waveform
in (1) [9]. Two fault scenarios are given for faults near
generators. In the first scenario, as shown in Fig. 7(a) and (b),
an LG fault is applied close to the DFIG at t = 0.3 s in
grid-islanded mode. Taking DR#56 relay as the reference,
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Fig. 6. Performance of the fault direction algorithms under HIF conditions.
(a) Current signal of HIF for Case 1. (b) DRC for Case 1. (c) Current signal
of HIF for Case 2. (d) DRC for Case 2.

Fig. 7. Performance of the fault direction algorithms under fault close to
DG. (a) Current signal of SLG fault close to DFIG. (b) DRC for fault close
to DFIG measured through DR#56. (c) Current signal of SLG fault close to
SG. (d) DRC for fault close to SG measured through DR#56.

Fig. 7(b) shows that the MLS and MKF can correctly identify
the fault direction after 2.5 ms, while DFT reaches correct
direction identification after 9 ms. For another case, as shown
in Fig. 7(a), the same fault condition is applied close to the
SG in grid-connected mode. As can be seen in Fig. 7(b), MLS
and MKF can correctly identify the fault direction in 2 ms,
while DFT identifies the correct direction after 6 ms.

D. Effect of Isolated Neutral

The neutral points in the test system in Fig. 3 have been
assumed to be solidly connected to the ground. To verify
the performance of the proposed algorithms for isolated-
neutral networks, all the neutral connections to the ground
were removed, and the proposed methods were tested for
two forward and backward SLG fault scenarios. In the first
case, an SLG short-circuit fault was considered between
buses 3 and 5 with the resistance of 50 �, initiated at
t = 0.3 s. The results from this case are shown in
Fig. 8(a) and (b). As it can be seen in Fig. 8(a), the short-circuit
current is not exactly sinusoidal; rather, it has obvious dis-
tortions. Nevertheless, according to Fig. 8(b), the proposed
methods can detect the fault direction. While the MLS shows

Fig. 8. Performance of the fault direction algorithms in case of single line
to ground fault in ungrounded test system. (a) Current signal of SLG fault
between buses 3 and 5. (b) DRC for SLG fault between buses 3 and 5.
(c) Current signal of SLG fault between buses 5 and 6. (d) DRC for SLG
fault between buses 5 and 6.

to be superior in terms of speed, the MKF algorithm has a
more stable performance with a bit longer respective delay. For
the second scenario, an SLG short-circuit fault was considered
in the line between buses 5 and 6, occurring at t = 0.3 s.
The resistance of the fault is set to 50 �, and the results are
shown in Fig. 8(c) and (d). Similarly, as shown in Fig. 8(c),
the short-circuit current is not exactly sinusoidal, and it is
distorted. However, Fig. 8(d) shows that the proposed methods
can detect the fault direction. Similar to the previous case, the
performance of MLS is superior in terms of speed, while MKF
has a more stable performance with a bit more delay.

V. FIELD RECORDED DATA

To evaluate the performance of the proposed directional
algorithm in real-world conditions by taking into account noise
effects, field-recorded data from real events have been fed
to the proposed algorithm. The single line diagram in Fig. 9
partly represents a natural liquid gas refinery plant. In Fig. 9,
T#1 refers to the incoming transformer, with the voltage level
of 33/11kV and, T#2 refers to the low-voltage transformer,
with the voltage levels 11/0.4kV. It is worth mentioning
that the neutrals in this network are grounded, where the
star sides of the T#1 transformers (YD) are connected to
the ground via a resistance equal to 7.8 �, while the star
sides of T#2 transformers (DY) are solidly grounded. A great
share of the loads shown in Fig. 9 are induction machines.
As shown in Fig. 9, the data have been collected through a
7SJ80 multifunction protection relay installed close to a diesel
generator (DG) bus. This relay can measure instantaneous
values of currents and voltage signals in intervals of 1 ms.
This means that for a frequency of 50 Hz, the relay can record
20 samples/cycle.

As shown in Fig. 10, MLS, MKF, and DFT can correctly
identify the forward direction, respectively in 4.5, 13, and
21 ms after fault inception. For backward faults, the MLS,
MKF, and DFT can correctly identify the direction in respec-
tively 2.5, 8.5, and 14.5 ms after fault inception under noise.
Additionally, as shown in Fig. 11, MLS and MKF can swiftly
identify fault direction using sub-cycle data, whereas DFT
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Fig. 9. Single line diagram of a real distribution grid including a DG unit.

Fig. 10. Performance of the fault direction algorithms using field recorded
data. (a) Current signal for SLG fault at F1. (b) DRC for the fault at F1.
(c) Current signal for SLG fault at F2. (d) DRC for the fault at F2.

Fig. 11. Performance of the fault direction algorithms using field recorded
data. (a) Saturated current signal for three phase to ground fault at F1. (b) DRC
for the fault at F1.

involves long delays to achieve the correct result. Notably, the
MLS has a faster response time compared to all algorithms.

VI. PERFORMANCE COMPARISON

The performance of the proposed directional identification
index is compared with the previously published algorithms.
The algorithms are compared for 2000 fault scenarios by
considering CT saturation, HIFs, difference FRs, and near-
generator faults. The algorithms are briefly described in the
following.

1) Method 1 (M1): This method is based on the rate of
change of superimposed components of voltage (1v)
and current (1i) [7]. A forward fault is identified when
1v and 1i superimposed components have opposite
signs, and a backward fault if they have the same
sign. Note that 1v and 1i are calculated using three
consecutive moving windows with the length of 8 cycle.

2) Method 2 (M2): This method is based on the multipli-
cation of prefault current and the rate of change of fault
current, as introduced in [8]. The obtained index is then
fed to a half-cycle moving average filter. The index was
shown to have strict behavior for forward and backward
faults. The index identifies forward fault if the index
varies between 0.25 and 1 and backward fault if the
index varies between −0.25 and −1.

3) Method 3 (M3): This method was introduced in [10],
proposing an index based on the cumulative instanta-
neous frequency. During normal operation, the index is
zero. For a forward fault, the index becomes strictly
negative, while for a backward fault, the index becomes
strictly positive. This method requires half-cycle mea-
surement data for the calculation of instantaneous
frequency.

4) Method 4 (M4): In this method, which was first pro-
posed in [9], it was demonstrated that the similarity
between the prefault and postfault current is much
higher for forward faults than for backward faults.
Accordingly, a relation-based algorithm was developed,
where a forward fault is identified when the correlation
coefficients range from 0 to 0.8, and a backward fault
is identified when the correlation coefficients range
from −0.2 to −1. Note that the length of the data
window plays an important role in the accuracy and the
response time of this method.

The performances of the direction identification algorithms
are compared by applying 500 scenarios of different FTs, FRs,
HIFs, CT saturation conditions, and faults close to DGs while
considering Gaussian noise with signal-to-noise ratios (SNRs)
ranging between 30 and 50. The average time response and the
correct number of identifications are summarized in Table V.
From Table V, it is concluded as follows.

1) Method 1: While this method can deal with faults
without CT saturation, due to its dependency on the
wave shape, its performance is poor for HIFs, faults
accompanied by CT saturation, and faults close to DGs.
The average response time of this method is 30.4 ms,
and the percentage of its correct direction identification
is 61.7%.

2) Method 2: This method shows acceptable performance
under noisy conditions and for faults without CT satu-
ration. However, this method is challenged during HIFs,
faults with CT saturation, and faults close to DGs,
making its response time increase significantly. The
percentage of correct identifications for this algorithm is
79.6% and its average response time is about 28.4 ms.

3) Method 3: This method deals with faults without CT
saturation and faults close to DGs; however, its per-
formance degrades under CT saturation and HIFs for
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TABLE V
ACCURACY OF THE ALGORITHMS

its frequency estimation scheme dependence on wave
shape. Normally, this method has a response time
of 17.1 ms and a correct direction identification rate
of 86.1%.

4) Method 4: This method can deal with faults without
CT saturation, HIFs, and faults close to DGs; however,
its performance deteriorates during CT saturation. Its
average response time is approximately 19.7 ms, and
its rate of correct direction identification is 89.6%.

5) Proposed algorithm using DFT: This algorithm can deal
with faults without CT saturation and low decaying dc,
HIFs, and faults close to DGs, however, under high
decaying dc and deep CT saturation, it experiences large
delays. It has an average response time of 25.6 ms and
a rate of correct direction identification of 90.2%.

6) Proposed algorithm using MKF: This algorithm can deal
with faults with/without CT saturation, HIFs, and faults
close to DGs; however, its performance degrades in case
of high decaying dc. With an average response time of
about 10.8 ms, it identifies 94.4% of scenarios correctly.

7) Proposed algorithm using MLS: This method can deal
with faults with/without CT saturation, HIFs, and faults
close to DGs. Compared to other methods, MLS has no
significant sensitivity to high amounts of decaying dc.
This scheme has an average response time of 3.5 ms and
can identify the correct direction for all the scenarios.

VII. CONCLUSION

Increased use of distributed generations in the electrical
power system has become challenging concerning protection
strategies. On one hand, these sources may increase the
short-circuit fault currents, leading to an increased possibility
of CT saturation. On the other hand, the presence of DGs
may result in the alteration of fault current direction, causing
issues with the protection zones of relays. To tackle these
challenges, new frameworks for fault direction identification
in MV distribution grids were investigated in this article,
with an emphasis on immunity to CT saturation effects. This
end was attained by developing a novel protection algorithm,
realized via two separate computational frameworks: a MLS
technique and a MKF. These frameworks are comprehensive
and straightforward, ensuring fast response times, high accu-
racy, and robustness in the presence of decaying dc offset,
CT saturation, and noisy conditions. Extensive performance
evaluations were carried out considering different types of
DGs, neutral grounding arrangements, FTs, FLs, and FRs

with the help of simulation and experimental scenarios. The
results indicated that MKF performs well for most scenarios
and reaches almost 94% correct identification within 11 ms
time response. However, the MLS-based algorithm is superior
and robust in identifying the fault direction within 4 ms,
even under CT saturation. Besides, both algorithms are robust
under linear and nonlinear high-impedance fault conditions.
Compared to the state-of-the-art algorithms, the proposed
frameworks demonstrate notable precision, speed, and noise
immunity. From the simulation and experimental results, it can
be concluded that the proposed frameworks effectively identify
the fault direction under various challenging conditions with
high accuracy and fast response time.
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