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Abstract: In this study, algorithm for a directional earth-fault relay is modified to work properly without voltage inputs. The
presented modification of the algorithm implies that only current inputs are required, and the algorithm is used in isolated neutral
networks. The main modification of this algorithm is that only one phase current is used as a reference quantity instead of the
zero sequence voltage or three phase currents. The algorithm is further upgraded by using the phase current of the supply
feeder as a reference signal for all relays of outgoing feeders. This way the reference quantity becomes more stable and the
number of measurements per feeder is reduced to only one. The introduction of simple communication between relays on
feeders, a wide operation range is achieved. With this algorithm detection of earth-fault is ensured regardless of the network
load: purely capacitive, predominantly resistive or purely inductive. The algorithm successfully detects the faulted line and phase
containing a phase-to-earth fault. The aim of this study is to design low-cost directional relays with no voltage inputs, a small
number of current measurements and a wide range of possible network loads.

1 Introduction
The medium voltage industrial and distribution networks are
usually realised as isolated neutral networks. In these networks,
upon the appearance of a phase-to-earth fault, the fault current does
not exceed 30 A [1]. Therefore, the functioning of the system can
be continued without any interruption. However, since there is a
risk of appearance of a second phase-to-earth fault in one of the
healthy phases, it is important that the first phase-to-earth fault is
detected and removed. As in networks with isolated neutral point
the earth fault current closes through phase-to-earth capacitances of
faulted lines, but also of all other (healthy) lines, for gaining
selective protection it is necessary to employ directional earth fault
protection in spite of the fact that the network is radial.
Conventional solutions require zero-sequence voltage measurement
in order to determine the direction of the earth-fault current.

The directional element appears in several types of protections
(overcurrent, differential, distance etc.) as an additional function
which provides selectivity of protection. Its function is to
determine the direction of the measured current with respect to a
reference quantity and this is based on the phase shift between
those two values. Reference quantity can be either voltage or some
other current. Phase shifts between electrical variables can be
determined by various methods. In the case of transmission lines
for high or extremely high voltage, the method based on
increments of instantaneous electrical values or the travelling wave
method are applied [2, 3]. When there is no need for a fast
response, the methods based on vectors of electrical quantities [4]
or on their increments [2, 5] are used. In order to determine the
amplitude and initial phase angle, some of the well-known methods
of signal processing are available, such as: zero-crossing [6],
Fourier's method [7], least error squares [8], Newton's method [9]
etc. The direction can be found based on the integral of the
instantaneous signal power without calculating the phase and this
protocol is described in [10]. Some new algorithms, which
optimise directional overcurrent relay in power distribution
systems, are using genetic algorithm [11] or teaching learning-
based optimisation [12, 13].

In some specific cases, for determination of the fault direction,
it is possible to use only current inputs. Therefore, for the parallel
transmission lines, directional transverse differential protection
could be carried out by the comparison of increments of the current

sample magnitudes [14]. The improved solution which, in addition
to magnitudes, considers phase angles of line currents is given in
[15]. As the direction of the pre-fault current in the lines, which
connect power plant with the network, is known in advance, this
current can be used as a reference quantity for determination of
fault direction [16]. In [17], a new directional algorithm is
proposed, which can detect faults direction using the only sign of
the imaginary part of the post-fault current phasor. The article by
Costa et al. [18] explains how directional relays should be
coordinated to operate as fast as possible and in the adequate
sequence. In relation to all papers, the review paper [19] presents
the state-of-the-art technologies and techniques for determining
single-phase earth fault location on distribution networks.

In medium voltage industrial networks phase currents slightly
vary upon a phase-to-earth fault occurrence and these currents can
be used as reference quantities instead of the zero-sequence
voltage. The idea and algorithm were published in [20]. Improved
algorithm [21] uses only one phase current instead of three phase
currents. This way, the absolute phase and amplitude symmetry of
the reference value is achieved. Also, the required number of
measurements is reduced from 4 to 2 per feeder. However, both
algorithms [20, 21] have the same limitation: a load of the feeders
must be known in a range of 60°. In case of exceeding the
predefined range, the relay will make mistakes. This study presents
a solution to the described problem, by which the relay operating
range is extended from the mentioned 60°–120°. This way
directional earth-fault relay without voltage inputs can be used in
purely capacitive, predominantly resistive or purely inductive
networks.

This study is organised as follows: Section 2 presents the
existing algorithms for directional earth-fault protection without
voltage inputs. Section 3 presents explanation on how the
algorithm works in network with load range extension, with pure
capacitive or pure inductive load. Section 4 presents testing of the
algorithm with a discussion on the obtained results. Conclusions
are presented in Section 5.

2 Existing algorithms for directional earth-fault
protection without voltage inputs
The algorithm which uses three phase currents instead of zero
sequence voltage is described in [20]. Four measurements are used
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in this algorithm: three phase currents ia, ib and ic as reference
quantities and zero component of current i0 as an operating
quantity. Each variable is stored in register, length of 3m/4 samples
(m – number of samples per basic period). The half of m samples
requires an instantaneous power integral and a mean value method.
One quarter of m samples are used for setting sensitivity of the
algorithm. Without setting the sensitivity (s = 0), the algorithm
effectively recognises the earth-fault for the load range between 0°
and 60°. If we want to shift the load range of 60° to capacitive
loads, then the sensitivity s should be set to a value >0. If we want
to shift the load range of 60° to extremely inductive loads, then the
sensitivity s should be set to a value <0.

For predominantly resistive loads, the sensitivity s (>0) is
located in the phase currents registers. The direction indicators in
phases a, b and c are calculated as

ida, b, c = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia, b, c(k − s)i0(k)
∑k = m/4 + 1

3m/4 ia, b, c(k − s) ∑k = m/4 + 1
3m/4 i0(k)

(1)

where: iabc(k) indicates phases current samples, io(k) indicates
samples of the zero-sequence current.

For extremely inductive loads, the sensitivity s (<0) is located in
zero-sequence current register. The direction indicators are
calculated by formula:

ida, b, c = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia, b, c(k)i0(k + s)
∑k = m/4 + 1

3m/4 ia, b, c(k) ∑k = m/4 + 1
3m/4 i0(k + s)

(2)

Described methodology was improved using only one phase
current [21]. Indicator of the direction of the other two phases is
calculated using the same current, previously shifted for 2π/3 rad
(m/3 samples) and 4π/3 rad (2m/3 samples). Because of the
required phase shifting, register of the phase current is extended
with 2 m/3 samples (Fig. 1). 

For achieving phase symmetry m needs to be dividable by 3.
Otherwise phase shift between Ia and Ib and Ic will not be 2π/3 rad.
Also, m must be dividable by 2 because m/2 samples are used for
calculating integral of the instantaneous power and mean value
method. Finally, number of samples per signal period m must be
dividable by 6.

Based on previous discussion, id in the dominantly resistive
loaded network takes the form (s > 0)

ida = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia(k + 2m/3 − s)i0(k)
∑k = m/4 + 1

3m/4 ia(k + 2m/3 − s) ∑k = m/4 + 1
3m/4 i0(k)

, (3)

idb = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia(k + m/3 − s)i0(k)
∑k = m/4 + 1

3m/4 ia(k + m/3 − s) ∑k = m/4 + 1
3m/4 i0(k)

, (4)

idc = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia(k − s)i0(k)
∑k = m/4 + 1

3m/4 ia(k − s) ∑k = m/4 + 1
3m/4 i0(k)

(5)

when the network is dominantly inductive loaded next formulas
should be used (s < 0)

ida = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia(k + 2m/3)i0(k + s)
∑k = m/4 + 1

3m/4 ia(k + 2m/3) ∑k = m/4 + 1
3m/4 i0(k + s)

, (6)

idb = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia(k + m/3)i0(k + s)
∑k = m/4 + 1

3m/4 ia(k + m/3 ∑k = m/4 + 1
3m/4 i0(k) + s

, (7)

idc = 4m
π2 ⋅ ∑k = m/4 + 1

3m/4 ia(k)i0(k + s)
∑k = m/4 + 1

3m/4 ia(k ∑k = m/4 + 1
3m/4 i0(k) + s

(8)

Fig. 2 presents which samples are used for calculating indicators
ida, idb and idc for different type of loads. 

The advantage of the algorithm [21] is the absolute phase and
amplitude symmetry of the reference value, which was kept by
artificial shifting of the measured phase current. In the case of
using the original phase currents [20], this symmetry would be
impaired due to the impact of fault currents. Also, in isolated
neutral networks two-phase overcurrent protection is often used
instead of three-phase overcurrent protection because of economic
reasons and better selectivity in case of double earth-fault. In such
cases, the improved algorithm [21] solves the problem of missing
phase current measurement. Tripping conditions of both algorithms
are the same and are given in Table 1, column 2. 

Fig. 1  Example of current registers
 

Fig. 2  Sensitivity adjustment for different type of loads
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3 Range extension of the algorithm for directional
earth-fault protection without voltage inputs
The main limitation of the technique described in [18, 19] is
correct operation with a load range of 60°. In other words, the
character of the load must be approximately known in advance. If
the real load is out of the assumed range, there will be a wrong
relay tripping.

Such situations may occur when the feeder with predominantly
resistive load becomes predominantly inductive loaded (for
example asynchronous motor in idle running) or becomes
predominantly capacitive loaded (for example feeder in open
circuit).

This limitation can be simply eliminated by bringing a phase
current of supply feeder into the directional relay. The reference
quantity is thereby more stable and less dependent on a load of
individual outgoing feeders. This way, the number of
measurements per feeder is reduced to one. This solution will work
in the case of predefined working conditions of the incoming
(supply) feeder, for example, in dominantly resistive load between
−15° and 45°, and then, it is not important if individual outgoing
feeders are: capacitive, resistive or inductive. However, in a case
when the whole system is working in a dominantly inductive or
capacitive regime, i.e. beyond of the assumed range 15° ≤ φ ≤ 45°,
wrong tripping of the relay will occur. Therefore, these two cases
will be discussed in more details.

3.1 Pure capacitive load

Test network with one supply feeder and four outgoing feeders is
shown in Fig. 3. The zero sequence current of outgoing feeders is
measured by the current transformers ECT0, and phase current of
supply feeder is measured by CTA.

Rare, but the possible situation is that all outgoing feeders are
opened. In this case, all phase currents of outgoing feeders are
capacitive, and their phasors are 90° ahead of the voltage phasors.
Phase current of supply feeder, IA, is equal to the sum of the phase
currents, Ia1,2,3,4 of outgoing feeders. According to that, Fig. 4a
shows the phasor of Ia and IA as parallel. For a fault in phase A of

line No. 1, the zero-sequence current phasor diagram is shown in
Fig. 4a, as well.

Based on phasor diagram shown in Fig. 4a marker id of line
No. 1 takes the following values: ida1 = cos(0°) > 0, idb1 = 
cos(−120°) < 0, idc1 = cos(120°) < 0. The zero-sequence currents
I02,3,4, for the same fault, but seen at the measuring site of health
outgoing feeders are shown also in Fig. 4a. As can be seen, zero-
sequence currents I02,3,4, in comparison to the faulted feeder, have
the opposite directions. Since the markers of line Nos. 2, 3 and 4
have the following values: ida2,3,4 = cos(180°) < 0, idb2,3,4 = 
cos(60°) > 0, idc2,3,4 = cos(−60°) > 0. Based on tripping conditions
from Table 1-column 2, phase B of outgoing feeder 1 is faulted
(B1). So, the exact defective outgoing feeder is found, but the
phase is wrong.

Similar concept holds for faults in phases B (Fig. 4c) and C
(Fig. 4e) of line 1, when marker id takes the following values: ida1 
< 0, idb1 > 0, idc1 < 0 and ida1 < 0, idb1 < 0, idc1 > 0, respectively.
Using conditions from Table 1-column 2, again there is wrong
detection of faulted phase: in the case of fault in phase B algorithm
will show fault in phase A and in the case of fault in phase C,
algorithm will show fault in phase B.

Based on previous analysis, to detect the faulted phase
correctly, tripping conditions from column 2 must be changed to
column 3. As a criterion for the automatic change of tripping
conditions, the simplest way is introducing the condition IA ≤ Imin
(where Imin is some predefined value), because capacitive regime is
accompanied by small idle current. Imin should be selected so it is
slightly higher than the idle current of the whole network.

It should be emphasised that in the case of a fault from idle
operation, the phase current may be of the same order of magnitude
as the earth-fault current and therefore the initial assumption of a
small change of the phase current during the fault is incorrect. In
this situation, it is better to use all three phase currents as reference
values [20], instead of only one [21], because the influence of the
earth-fault current in such case is distributed on all three phases.

3.2 Pure inductive load

For pure inductive load all the phase currents, of outgoing and
supply feeders, are late 90° with respect to the phase voltage. For a
fault in phase A of line No. 1, the zero-sequence current phasor
diagram is shown in Fig. 4b.

Based on phasor diagram shown in Fig. 4b, marker id takes the
following values: ida1 = cos(180°) < 0, idb1 = cos(−60°) > 0, idc1 = 
cos(60°) > 0. For these values of markers, based on column 2 of
Table 1, line 1 is not faulted. The phasors of electrical values for
the same fault, but seen at the measuring site of healthy feeders, are
also shown in Fig. 4b. Indicators now obtain the following values:
ida2,3,4 = cos(0°) > 0, idb2,3,4 = cos(120°) < 0, idc2,3,4 = cos(−120°) 
< 0. Based on tripping conditions from Table 1, column 2, phase B
of outgoing feeders 2, 3 and 4 are faulted. Therefore, instead of A1,
tripping conditions indicate faults in healthy feeders B2, B3 and B4.
Similarly, for a fault in phase B of line 2 (Fig. 4d), the results of the
algorithm would be C1, C3 and C4. For a fault in phase C of line 3
(Fig. 4f), the results of the algorithm are A1, A2 and A4.

Based on previous discussion it can be concluded that the
algorithm for a fault in phase A shows phase B of healthy feeders,
for a fault in phase B shows phase C of healthy feeders and for a
fault in phase C shows phase A of healthy feeders. In this case,
simple communication between relays resolves the problem. If n − 
1 relays indicate a fault in phase A (n is number of outgoing
feeders) then the fault is in the phase C of outgoing feeder where a
fault is not indicated. If n − 1 relays indicate a fault in phase B than
the fault is in the phase A of outgoing feeder where a fault is not
indicated. Similarly, if n − 1 relays indicate a fault in phase C than
the fault is in the phase B of outgoing feeder where a fault is not
indicated. These conditions are shown in column 4 of Table 1.

Established communication neutralises the wrong tripping for
dominantly inductive load and thus widens the range of correct
directional relay tripping from 60° to 120°. Necessary condition for
this solution is the existence of more than two outgoing feeders.

Table 1 Tripping condition for fault in different phases
Phase
fault

Tripping
condition

Tripping condition
capacitive load

Tripping
condition

inductive load
A ida < 0 & idb < 0 &

idc > 0
ida > 0 & idb < 0 & idc 

< 0
(n − 1) indicates
B→Aof unexcited

relay
B ida > 0 & idb < 0 &

idc < 0
ida < 0 & idb > 0 & idc 

< 0
(n − 1) indicates
C→Bof unexcited

relay
C ida < 0 & idb > 0 &

idc < 0
ida < 0 & idb < 0 & idc 

> 0
(n − 1) indicates
A→Cof unexcited

relay
 

Fig. 3  Test distribution network with specified measuring points
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Flow chart of wide range algorithm for directional earth-fault
protection without voltage inputs is shown in Fig. 5. 

Fig. 4  Phasor diagrams for a fault in phase A of line no. 1 in distribution network with
(a) Pure capacitive load, (b) Pure inductive load; phasor diagrams for a fault in phase B of line no. 1 with, (c) Pure capacitive load, (d) Pure inductive load, phasor diagrams for a
fault in phase C of line no. 1, (e) Pure capacitive load, (f) Pure inductive load
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4 Testing the algorithm
The proposed algorithm is tested under different types of load
situations of the network model presented in Fig. 2. Different
network load situations have been achieved with four different
loads: predominantly resistive, predominantly inductive,
predominantly capacitive and pure capacitive load (opened feeder).
The parameters of the network model (Fig. 2) are:
Va = Vb = Vc = 10/ 3 kV, Rf1 = 0.3 Ω, Lf1 = 0.6 mH, C01 = 1 μF,
Rp1 = 25 Ω, Lp1 = 28 mH (cosφ1 = 0.94), Rf2 = 0.4 Ω, Lf2 = 0.9 mH,
C02 = 1.5 μF, Rf3 = 0.35 Ω, Lf3 = 0.7 mH, C03 = 1.25 μF, Rp3 = 21 Ω,
Cp3 = 1.08 mF (cosφ3 = 0.99 capacitive), Rf4 = 0.45 Ω, Lf4 = 0.8 
mH, C04 = 1.3 μF, Rp4 = 24 Ω and Lp4 = 0.5 H (cosφ4 = 0.15
inductive).

Sampling frequency was set to fs = 1200 Hz. After sampling,
signals were filtered by the cosine Fourier series. Sensitivity s was
set to 1 indicating operating range between −15° and 105°. Each
simulation takes 0.1 s. Various values of the fault resistance and
fault instant are used in simulations in order to investigate the
transition period.

In the first simulation a fault in phase C of line no. 4 was made.
A fault instant is T (T = 20 ms) and Rf (fault resistance) is 0. By
applying the described algorithm, the estimation of indicator id is
shown in Fig. 6. Since idb4 > 0, while ida4 < 0 and idc4 < 0, the
algorithm successfully detects faulted line and phase C4 (line no. 4,
phase C).

Fig. 5  Algorithm
 

Fig. 6  The algorithm results for a fault in phase C of line no. 4
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The same model is applied for a fault on the first feeder with
mainly active load A1 (line no. 1, phase A). A fault instant is 3T/2
(30 ms) and Rf is set to 10 Ω. It can be seen from Fig. 7 that the
appropriate conditions are satisfied: idc1 > 0, ida1 < 0 and idb1 < 0. 
The same test is performed with algorithms described in [20, 21].
Based on the results shown in Fig. 8, it can be concluded that the
relay 4 will incorrectly signal the fault in the B phase, since ida4 > 
0, idb4 < 0 and idc4 < 0. This occurs because algorithms described
in [20, 21] as a reference value use phase current of the feeder
which is in this specific case predominantly inductive and it is
outside of the assumed range, from −15° to 45°, for which the
mentioned algorithms operate correctly. The false tripping of relay
4 would occur in other two tests as well for the same reason as in
described test.

Two subsequent tests simulate faults in phases B and C of lines
no. 2 and no. 3, respectively. Adopted fault instant in this case is
7T/6 and Rf is 15 Ω. As can be seen from Fig. 9, upon the
occurrence of a fault, direction indicator detects a fault in phase B
of line no.2 since ida2 > 0, idb2 < 0, and idc2 < 0. Similarly, the
results of Fig. 10 undoubtedly point at a fault C3 since idb3 > 0,
ida3 < 0, and idc3 < 0. Results on Fig. 10 correspond to a fault
instant 2T and Rf = 80 Ω. It can be noticed that even at high
impedance fault the relays trip correctly.

Further, the network was modified, and all outgoing feeders
were opened, just like feeder no. 2 in the first configuration. Now

all currents are dominantly capacitive, and this case corresponds to
Section 3.1. Three separate phase-to-earth faults in phases A, B,
and C of lines no. 1, 2 and 3, respectively have been simulated. An
earth-fault of phase A in line no. 1 (A1) occurs at instant 4T/3 with
fault resistance of 25 Ω, an earth-fault of phase B in line no. 2 (B2)
at instant 3T/2 with fault resistance of 100 Ω (high (impedance
fault), while an earth-fault of phase C in line no. 3 (C3) occurs at
instant T with fault resistance of 1 Ω. The minimal adjusted phase
current, Imin, for changing the tripping conditions is set to 30 A,
since the idle operation current of the whole network is around 10 
A (UfωC0sum = 5.77·103·2π·50·5.05·10−6≃10 A). According to
Table 1, column 3, when measured phase current IA becomes less
than Imin, the tripping conditions for faults A1, B2 and C3 should be
ida1 > 0 & idb1 < 0 & idc1 < 0, ida2 < 0 & idb2 > 0 & idc2 < 0 and
ida3 < 0 & idb3 < 0 & idc3 > 0, respectively. By comparing these
conditions with values shown in Figs. 11–13, the validity of the
algorithm for single phase-to-earth faults can be confirmed. 

In the last configuration, the network was modified to simulate
the network with nearly pure inductive load. These tests
correspond to Section 3.2. All four outgoing feeders were loaded
dominantly inductive, just like line no.4 in the first configuration
(cosφ4 = 0.15). Simulation parameters and the faulted phases were
the same as in the previous tests with pure capacitive load. The
corresponding values of the variable id for the mentioned faults are
shown in Figs. 14–16. 

Fig. 7  Algorithm results for a fault in phase A of line no. 1
 

Fig. 8  Algorithm results for a fault in phase A of line no. 1 using [20, 21]
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Since the network load is extremely inductive now (φ = 81.4°)
and is out of range −15° to 45°, more than one relay was triggered

and the introduction of communication between them will give the
appropriate output. From Fig. 14 three relays indicate phase B (B2,

Fig. 9  Algorithm results for a fault in phase B of line no. 2
 

Fig. 10  Algorithm results for a fault in phase C of line no. 3
 

Fig. 11  Algorithm results for a fault in phase A of line no. 1 in network with pure capacitive load
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B3, B4), and according to column 4 of Table 1, a fault is in the
phase A of the outgoing feeder where the fault has not been

indicated (A1). For example, the algorithms described in [20, 21]
would in this test unselectively switch of the healthy lines 2, 3 and

Fig. 12  Algorithm results for a fault in B of line no. 2 in network with a pure capacitive load
 

Fig. 13  Algorithm results for a fault in phase C of line no. 3 in network with a pure capacitive load
 

Fig. 14  Algorithm results for a fault in phase A of line no. 1 in network with pure inductive load
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4, since the network load is outside the assumed operating range.
For the same reason, these algorithms would perform incorrectly in
other two tests.

From Fig. 15 three relays indicate phase C (C1, C3, C4), and
based on column 4 of Table 1, a fault is in phase B of the outgoing
feeder where the fault has not been indicated (B2). Similarly, from
Fig. 16 three relays indicate phase A (A1, A2, A4), and based on
column 4 of Table 1, a fault is in phase C of the outgoing feeder
where the fault has not been indicated (C3).

As can be observed from Figs. 6–16, the response time of the
relay is quite short, and it provides valid information 30 ms after
the fault.

5 Conclusion
The presented algorithm is an improvement of the existing
algorithms [20, 21] for overcurrent relays without voltages inputs
for directional earth-fault protection in the isolated neutral system.
One of the improvements is an extension of load range from 60° to
120°. Also, the number of measurements per feeder is reduced
from 4 in [20], or from 2 in [21] to only 1. Using the phase current
of incoming feeder as a reference quantity is more stable and less
dependent on a load type of individual outgoing feeders. This
approach enables not only detection of the faulted line, but also

faulted phase, what conventional earth-fault protection is unable to
determine. Design of these relays is undemanding and inexpensive,
compared to conventional directional earth-fault relays with
voltage inputs. Furthermore, the cost is additionally reduced since
there is no need for voltage transformers in the substations and the
required number of current measurements is reduced. The
algorithm uses only simple mathematical operations for
calculations, resulting in small occupation of CPU time, and can be
implemented on low cost processors. Since the convergence time,
including analogue and digital filtering, does not exceed 30 ms, the
algorithm has an excellent response speed.
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