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Abstract. The distance-protection function is employed to
safeguard high-voltage transmission lines against single-phase,
double-phase, double phase-to-ground, and three-phase faults. In
radial systems, or in double-end-fed configurations with
homogeneous networks where the line is protected from the strong
source end, the accuracy of conventional distance protection
methods is inherently constrained. This paper presents a robust
solution for accurately estimating the fault distance during double
phase-to-ground faults as well as the fault resistances. The
algorithm considers two scenarios. One for equal fault resistances
in the two involved phases, a condition that keeps the sequence
networks decoupled and permits the use of sequence-domain
measurements. The other scenario involves unequal phase fault
resistances, which couple the sequence networks and therefore
require phase-domain voltage and current measurements.
Together, these cases cover the full range of resistance
configurations, ensuring a thorough and reliable proposed
approach. The algorithm is validated with simulations and a real
field fault case.

Key words. Distance Protection, Fault Location, Fault
Resistance.

1. Introduction

The distance-protection function is widely used to protect
high-voltage transmission lines against different faults [1-
3]. In radial networks, as well as in double-end-fed
systems with homogeneous line parameters where
protection is applied from the strong-source end, this
function exhibits a high degree of accuracy for
single-phase, double-phase, and three-phase faults [4][5],
even when significant fault resistances are present [6][7].
Under these conditions, the positive, negative, and
zero-sequence components remain sufficiently predictable
to ensure a reliable estimation of the apparent impedance
seen by the relay [8][9].

For double phase-to-ground faults, however, the situation
becomes more complex [10]. The loops used to estimate
the fault distance and the associated fault resistances
correspond to the single-phase and double phase loops
[11-13]. The interaction between these loops is influenced
by the resistive components of the two faulted phases and
by the ground resistance [14]. As a result, the apparent

A4,B,C Consecutive phases of a three-phase impedance measured by the relay may deviate
system. substantially from the real one, reducing the accuracy of
0,1,2 Zero, positive, and negative sequence conventional distance-protection methods [15][16].
components of the three-phase system. ) o )
v Voltage phasor. This dependence on the distribution of fault resistances
I Current phasor. often leads to estimation errors that vary notably with
A Difference between fault and prefault system conditions, fault location, and the relative
conditions. magnitudes of phase and ground resistances [17][18].
a Complex operator. Its value is 1.£120°. Previous research has attempted to mitigate resistance-
Ris Fault resistance of phase A. induced errors using compensation fagtors [19] [20],
Rrs Fault resistance of phase B. however, these approaches often fail when phase
Rrc Fault resistance of phase C. resistances are unbalanced [21].
fG Ség;g? Of?ltllllt;r;:;stirgz.hne‘ Furthermore, there is a lack of unified methodologies
Zs Self-impedance of the phase. capable of accurately addressing 'both ’ba.lanced' and
Zn Mutual impedance of the phase. unbalgnced fault resistance scenarios w1th1'n a single
7L Line impedance. analypcal framework. Ex1§t1ng solutlops typlcal.ly focus
P Fault distance in per-unit values. on.e.lther sequence-domain fgmulatlons, which lose
d Fault distance in kilometers. validity under coupled conditions, or phase-domain
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approaches that do not explicitly exploit the structure of
the sequence networks when decoupling is present. This
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gap highlights the need for a flexible and robust method that
can adapt its formulation depending on the fault resistance
configuration while maintaining high accuracy in fault
distance estimation. In this context, the main novelty of this
work lies in the development of a dual-domain approach
that systematically handles both decoupled and coupled
sequence network conditions, enabling reliable distance
protection performance across a wider range of realistic
fault scenarios.

To address these limitations, this paper introduces a robust
methodology capable of accurately determining the fault
distance in the presence of double phase-to-ground faults.
The proposed approach enhances the interpretation of
voltage and current quantities under unbalanced and
resistive fault scenarios, improving the reliability of the
distance estimation even when traditional loop models
become inaccurate.

The algorithm considers two scenarios. In the first scenario,
the fault resistances of the two involved phases have the
same value. Under these conditions, the sequence networks
remain decoupled, and the analysis is performed using
sequence voltage and current measurements. In the second
scenario, the fault resistances of the two phases differ,
resulting in coupled sequence networks. Consequently,
phase-domain voltage and current measurements are
required.

The paper is organized into four sections, including this
introduction. Section 2 introduces fault-distance calculation
for decoupled and coupled sequence networks. Section 3
validates the proposed algorithm with simulations, as well
as a real field fault. Finally, Section 4 concludes the paper
and discusses the practical applicability of the proposed
solution.

2. Fault-distance calculation

This section details the development of the equations used
to determine the fault distance and the fault resistances.

A. Primary scheme

Fig. 1 illustrates the primary scheme of a double phase-to-
ground fault, corresponding to a BC phase-to-ground
(BCQG) faults. Va

AVa A

AVe B

y ‘VCC

1Y

Fig. 1. BCG fault.
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B.  Fault distance calculation with decoupled sequence
networks

For the sequence networks to remain decoupled during a
BCG double phase-to-ground fault, the fault resistances in
the affected phases, B-phase (Rpp) and C-phase (Rpc)
must be equal, as shown in (1).

Rrp = Rec (1)
Under this condition, the three sequence networks are
connected in parallel. Fig. 2 represents the same fault case

as Fig. 1, expressed through decoupled sequence
networks.
I 2 lo
Rrs Rrs 3Rs
Ziup Zip Res
+ . ZLo'P
V1 ZSI VZ Zsz +
ZSO
£ Vo

Fig. 2. Sequence network for a BCG fault under decoupled
conditions.

The equations involved are shown in (2):
Vi—-li'pZyy—1li"Rep =V, =l p-Zyz =13 Rep

Vo—lo-p-Zy—1lo Reg —Io-3Rg

=Vo—I-p-Zi; — I Rpp
Ly =1 (2)

where:

Vi, V, and V, are the positive-, negative- and zero-

sequence voltage of phase 4;

I, I, and I are the positive-, negative- and zero- sequence

current of phase 4;

p is the fault distance expressed in per-unit (p.u.); and

Zi1, Zy and Z;, are the positive-, negative- and zero-

sequence impedances of the protected line.

Polarizing the first equation with the positive-sequence
current without the pre-fault positive current and taking its
imaginary part, the fault resistance in the
positive-sequence branch is eliminated as is shown in (3).

Aly" - (Vi =1y *p-Zyy — 1y - Rep)
=Aly" - (V; —1z-pZyz — I Rpp)
3)
where Al is the positive-sequence current without the
prefault current.
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Taking the imaginary part:

Imag[Aly" - (Vi =1y " p-Zyy — 1y - Rpp)] =

Imag[Aly" - (Vo =12 pZiz — Iz " Rpp)] “)
Imag[Aly™ - (Vi =1y - p-Zyy)] =
Imag[Aly" - (Va =1y p - Ziz — I " Rpp)] (%)
The fault distance is obtained by solving:
_ Imag[Aly"-(V1—V2)]+Imag[Aly"12-RFg] 6)

Imag[Aly (I3 -12)Zy4]

By polarizing the second equation with the zero-sequence
current and taking its imaginary part, the fault resistance in
the zero-sequence branch (Rpp + 3R;) is eliminated:

Imag(ly" - (Vo —lo-p-Zp)] =

Imag[ly” - (V2 =1y *p - Zyz — Iz - Rpp)] (7)
Solving for the fault distance yields:
_ Imaglle™-(V2-Vo)]-Imag(lo™I2-Rrp] (8)

Imag[lg™-(Iz-Zy1 1o Zo)]

This way, two equations (the equations (6) and (8)) and two
unknowns (p and Ryp) are obtained. One of the unknowns
is the per-unit fault distance, and the other is the fault
resistance in the positive-sequence branch, which is equal
to that of the negative-sequence branch. From these two
equations, the per-unit fault distance can be determined.

The resulting expression for the fault distance is :

p=ki+k; Rpg )

where:
— Imag[Aly*-(V1=Vp)]
Imag(Aly*-(I1-12)Z11]

1

Imag[Al;*13]

2~ Imaglaly™ (1 -12)Zua]
( Imag(ly*-(V2-Vp)] Imag[Aly*(V1=Vp)] )
Rpp = Imagllp™(IzZ1-1oZL0)| Imaglaly”-(11-12)Z14]

( Imag[All*-lz] ) Imag[lo*-lz] )
Imag[aly™(13=13)Zy1] " Imag[lo™(12ZL1-1oZLo)]

Taking the previously defined Rrp parameter as a reference,
the ground-fault resistance value can be obtained as:

3.R. = Vo—Vo+I-p-Zy1-1o'p-ZLo—lo'RFB
G — Io

(10)

The equations derived above are specifically applicable to a
double phase-to-ground fault involving phases B and C. For
a fault affecting phases 4 and B, the expressions must be
adjusted by applying the appropriate phase-shift operators.
Specifically, the positive-sequence quantities must be
multiplied by the complex operator a = 1.£120°, whereas
the negative-sequence quantities must be multiplied by
a? = 1£240°. Consequently, the per-unit fault distance for
a fault affecting phases 4 and B can be expressed in terms
of the previously calculated expression as follows:

p="ky+k; Rpp (11)
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In this scenario, these components take the following
values:
Imag[(Aly-a)*-(Vy-a—Vy-a?)]
1= Imag[(All-a)*-(ll-a—lz-az)-ZLl]

Imag[(Aly-a)"Iz-a%]

ky = Imag[(Aly-a)*-(I-a—Iy-a2)Zy4]
Imag[lo*-(vzaz—vo)] Imag[(All-a)*-(vl-a—vz-az)]
tmaglly™(Iz-a% 211 -1gZL0)] Imag|(aly-a)"-(1y-a-1pa2) 714
Rpp =

( Imag|(813-a) 1p-a2] Imag[lg*1-a2] )
Imag|(8lya)"(iya-lya2) 2| Imaglly™(iz:a%Zy1~1gZ1o)]

The ground-fault resistance value can be obtained as:

3'R; = Vo—VZ'aZ+12'az'p'ZIu—lo'p'ZLo—lo'RFB (12)
0
Similarly, for a double phase-to-ground fault involving
phases C and A, the sequence quantities must be shifted
accordingly. In this case, the positive-sequence quantities
are multiplied by a? = 1/240° while the negative-
sequence quantities are multiplied by a = 1.£120°.

p =k +ky Rpp (13)
where:
e = Imag[(All-az)*-(vl-az—vz-a)]
1= Imag[(Alraz)*-(lraz—Iz-a)-ZLl]
o = Imag[(All-az)*-lz-a]
27 Imag[(All-aZ)*-(ll-az—Iz-a)-ZLl]
Imag[lp*-(Vo-a=Vp)] ’magl(All'az)*'(Vl'az_VZ'a)]
tmagllo™(1zaZ1-10Z10)] 1mag|(aly-a2) " (11-a2-1p-2) Zy4]
Rpp =

=
Imag|(aly-a2) Iy-a Imag|lp* 1p-a]
Imag|(8ly-a?) (1y-a2-Ipa) 24| Imagllo™(izaZy1-loZLo)]

The ground-fault resistance value can be obtained as:

_ Vo—Vz-atlz-apZii-lop-ZLo—lo'RrB
3-R; = :
0

(14)

C. Fault distance calculation with coupled sequence
networks

In case the fault resistances of the involved phases are
different,
Rrp # Rpc, (15)

the sequence networks are coupled, and therefore
phase-domain quantities must be used in this situation.
The equations involved are the following:

Vo=p [y Zs+ 1" Zyl + 1y Rep +3-Ig R
Ve=p-[le'Zs+ 1y Zyl +1c- Rec + 319 R
(16)

Where the mutual impedance of the phase Zm, and the
Self-impedance of the phase Zs are shown in (17).
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ZLO B ZLl

ZM= 3
ZL0+2.ZL1
Zs=——3

17)
By polarising the first equation with the prefault phase-B
current and taking the imaginary part, the fault resistance
Rppis removed from the expression. Consequently, the
distance to the fault in per-unit terms is obtained in (18).

__ Imag[Aly"Vp]-Imag[Aly”-3-Ip°R¢]
- Imag[Aly*-(ly-Zs+1c-Zyp)]

(18)

By polarising the second equation with the prefault phase-C
current and taking its imaginary component, the fault resistance
Rg.is removed from the expression. Accordingly, the distance to
the fault in per-unit terms is given by (19).

__Imag[Al"Vc]-Imag[Al"-3-19'R¢]
T Imag[Ale" (e Zs+ly Zy)]

(19)

This way, two equations with two unknowns are obtained.
The distance to the fault in the case of a BCG fault is
therefore given by:

__ Imag[Aly"Vp]-Imag[Aly”-3-1p'R¢]

p= Imag[Aly (I Zs+lc-Zn)] (20)

where:
( Imag[Al,*-Vp| )_( Imag[Alc”*-Ve| )
R. = Imag|aly*-(IyZs+lcZy)| Imag|Ale™(1cZs+lyZy)] 21
G~ ( Imag[al, 3] )_( Imag[ale™31g] ) ( )
Imag|aly*-(IyZs +lcZy)| Imag[ale”-(1cZg+HyZy )]
For an ABG fault:
_ Imag[Ala*-Va]*—Imag[Ala*-S-IO-Rg] 22)
Imag|[Aly™ (IaZs+1yZpm)]
where:
( Imag|Aly*-Va] )_( Imag|Aly*-Vp] )
R. — Imag[Ma™-(Ta-Zg+lyZy)]/) \Imag|aly,™ (1y Zs+1aZy)] (23)
G~ Imag[Al,*-31g] Imag[aly*-31g]
(Imag[Ala*-(la-ZsHb-ZM)])_(Imag[Alb*-(lb-Zs+la-ZM)]>
Finally, for a CAG fault:
__ Imag[Al"Vc]-Imag[Alc"-3-19-R¢] (24)
- ImaglAle"™ (e Zs +1a Zm)]
where:
( Imag|Alc* V| )_( Imag|Aly*-Va] )
R. = Imag|Ale™-(IcZs+1aZy)]/) \Imag[Ala*-(1a-Zg+1aZy)] (25)
G~ Imag[Alc™31g] Imag[Aly*-31g)
(Imag[Ala*-(lc-ZsHa-ZM)])_<1mag[Ala*-(la-Zs+lc-ZM)])
In the case of a BCG fault, the earth resistance is given by:
( Imag|Aly V) )_( Imag[Ale* V] )
R. = Imag(Aly*-(IyZg+icZy)]) \Imag[alc™-(IcZs+1yZy)] (26)
G~ Imag[Aly*31g] _< Imag[Alc*31g) )
(Imag[Alb*-(lb-ZSHc-ZM)]) Imag(Ale™(IcZg+yZym)]
Phase B and C resistances are:
https://doi.org/10.24084/reepqj26-257
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_ Vp—p[lpZs+IcZm]-3IgRg
Rpp =
Al

(27
R _ Ve—pllcZs+lyZml—3-1pRg
FC = al,

In the case of an ABG fault, the earth resistance is given by:

Imag|Aly"-Va] Imag|Aly " V]
(Imag [Ala*-(la-ZsHb-ZM)])_(Imag[AIb*-(lb-Zs+la-ZM)]>
Imag|Aly"-3:1g) Imag[Aly*-31g]
(Imag[Ala*-(la-zSHb-ZM)]>_(1mag[Alb*-(lb-zs+la-ZM)]>

R¢ = (28)

Phase A4 and B resistances are shown in (29).

R _ Va—p(laZs+lpZm]-3loRg
FA Al

(29)
[IyZs+1aZm]—3Io'Rg

_ W
Rpp = Al

In the case of an CAN fault, the earth resistance is given
by (30).

( Imag|Alc*Vc] )_( Imag|Aly*-Va] )

Imag[Alc*-[(lc~zs+la]-zM)] Imag[Ala*-[(la-zsﬂa]-zM)]
Imag[Alc*3:1 Imag[Aly*-31

(Imag [Alag-(lc-zsﬂoa-zM)])_(Imag[AI:’]‘-(la-zs+:)c-zM)])

Re = (30)

Phase C and 4 resistances are shown in (31).

R.. — Ve—p[lcZs+laZml-3-19'Rg
FC ale

(3D
Va—p:[laZs+1cZm]-3Io°Rg
Rpy = AL

The method based on phase currents is valid for both
coupled and decoupled systems, whereas the
sequence-based method is only applicable when two phase
resistances are equal. Since the value of the phase
resistance is unknown, the phase-current-based method is
the appropriate choice.

3. Study cases

This section demonstrates the validity of the proposed
distance algorithm for double phase-to-earth faults. This
way, it includes the performed simulations, together with
the analysis of a real field fault.

A.  Simulations with MATLAB

Fig. 3 shows the MATLAB model used in the study cases.

%

1pyL
\ [ N,

\ N
3

e

|
-

Re

Fig. 3. MATLAB model
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The model consists of a radial system where the system voltage
is 25kV, the evaluated lines length L is 100 km and the line
parameters of the protected line are as follows:
Z, =1.273 +29.333j Q
Z;o = 38.64 +129.635j Q
The short circuit power of the system equals to:
Scc = 2000 MVA
The X/R ratio of the source impedance equals to:
X /R =7
The algorithm has been tested against multiple scenarios.
However, due to space limitations, this section includes
only one fault of each type, ABG, BCG and CAG,
considering different fault resistances. Table I includes the
analysed cases, phase-to-phase faults involving ground with
different fault resistances. As shown in all cases, the
distance estimation is highly accurate for both the distance
and the ground resistance calculation. The phase resistance
calculation also exhibits a very low, remaining below 2%.
The results have been compared to traditional negative
sequence polarization algorithm [1]. In the latter case, the
error in distance calculation increases significantly ranging
from 7 to 24.86 %, while the resistance estimation error is
much higher and does not distinguish between the phases
and ground resistance. These results confirm the robustness
and reliability of the proposed algorithm.

Table 1. — Fault cases.

FAULT TYPE ABG BCG CAG
Real fault distance (p.u.) 0.35 0.55 0.75
Calculated fault distance with 0.437 0.51 0.69
traditional 12 polarization (p.u.)

Traditional polarization error 24.86 -7.27 -8
(%)

Calculated fault distance with 0.35 0.55 0.75
proposed methodology (p.u.)

Proposed methodology error 0 0 0
(%)

Real Ra () 5 ) 10
Calculated Ra () 5.01 o0 10.01
Real Rs () 8 3 )
Calculated Rs (Q) 8.01 3.01 0
Real Rc () 0 1 10
Calculated Rc (Q) 0 1.01 10.01
Proposed methodology Ra-B.c 0.2 1 0.1
error (%)

Real Rg () 16 1 2
Calculated Rg (QQ) 16 1 2
Proposed methodology Rg error 0 0 0
(%)

Calculated R traditional method 6.47 2.14 10.2
(9]

The tests performed correspond to ideal operating
conditions, without prefault current and assuming perfectly
known line parameters. Under these circumstances, the
proposed method yields very small errors in the estimation
of Rg, the remaining resistances, and the fault distance.
However, in real power systems, several non-ideal factors
must be considered. Parameter uncertainties, such as
deviations in line impedances, mutual coupling effects, or
conductor temperature, together with CT and VT ratio and
phase-angle errors, inevitably introduce inaccuracies in the
measured phasors. In addition, the presence of prefault load
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current modifies the voltage and current relationships used
by the algorithm, which can further affect the estimation
process.

Despite these sources of uncertainty, the proposed
phase-current-based method is expected to remain
significantly more robust than traditional approaches.
Classical negative-sequence or
sequence-component-based algorithms are particularly
sensitive to parameter mismatch, since they rely on
assumptions such as equal phase resistances and balanced
prefault conditions. When these assumptions are not
satisfied, as typically occurs under real-world operating
conditions, the error increases substantially. This
sensitivity explains why traditional methods exhibit
notably larger deviations in both distance and resistance
estimation, whereas the proposed method maintains a
considerably higher degree of accuracy and discrimination
capability

B. Real Field Fault

To validate the proposed fault distance calculation
methodology, a real-world case study has been employed.

In Thailand, November 2025, a double phase-to-earth fault
occurred when a network recloser failed in a radial
distribution system. The incident took place at night, when
the prefault current was negligible. The line length L was
1.95 km from the measurement point, which coincides
with the fault location. The parameters of the protected
line were as follows:

Z.1 = 0.094 + 0.669j O
Zo = 0.411 + 3.534j Q

From these values, the self and mutual impedances of the
line computed according to the methodology described in
Section 2 (Equation 17), are given by:

ZLO + 2 - ZLl
A
Zyo

_ZLI .
= =25 = 0.106 + 0955/ 0

= 0.2 +1.624j Q

Zy

The measured voltage and currents are:

V, = 18720.103°V
Vg = 2564/ — 61°V
Ve = 2000/ — 126.22°V
I, = 12.46./ — 178.44° A
Iz = 1632/ — 90.81° A
Ic = 1550./152.93° A
I, = 564.2/ — 146.8° A

Using these values, the earth fault resistance is
determined as follows:

( Imag[Al,* Vy] )_( Imag[Alc” V] )

Imag|aly* (I Zs+cZy)]) \Imag[alc™-(IcZs+yZm)]) _ 0.204 O
Imag|Al,*-31g] Imag|Alc”31g) -

(lmay[Alh*'(Ib'zsﬂc'ZM)])_(Imuy[Alc*'(lc'Zs“(:a'ZM)])

Rg =

Phase-B and phase-C resistances are computed.
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Vo —p-[lyZs+ 1. Zu] —3 -1 Rg

=0.4260Q
Ip

Ve—p-[Ic-Zs+ 1y Zy] —3 -1 Rg

=0.729 0
I

Rpe =

Finally, the distance to the fault is calculated.

_Imag[Aly" - Vy] = Imag[Al," - 3+ 1g - Ry
B Imag[Aly* - (Iy - Zg + 1 - Z,)]
= 0.944 p.u.

d=p-L=184km

The resulting error is 110 metres, which represents a 5.64
%. Given the short length of the line, the calculated fault
distance can be considered accurate. All computed
resistances are purely real, and therefore they can be
regarded as correct.

4. Conclusions

This paper has introduced a new algorithm for locating
double phase-to-earth faults and for estimating the
associated fault resistances, considering both scenarios in
which the phase fault resistances are equal and those where
they differ.

Given the solid theoretical foundation of the equations
employed, both the simulations carried out and the analysis
of the real field fault yield highly satisfactory results in
estimating the fault distance as well as the phase and earth
resistances. This achievement represents a significant
improvement in the treatment of double phase-to-earth
faults, reinforcing the robustness and practical applicability
of the proposed distance algorithm.

The present study has been conducted under ideal
assumptions, without prefault load and with nominal line
parameters; therefore, a full evaluation under non-ideal
conditions remains necessary. These considerations define
the scope and limitations of the current analysis and
highlight the need for extended validation in realistic system
settings. Overall, the proposed method provides a more
reliable and resilient estimation framework, particularly
when confronted with non-ideal factors such as
line-parameter mismatch and instrument-transformer
errors. Traditional algorithms show significantly greater
sensitivity to these effects, which reinforces the
methodological benefits and practical applicability of the
proposed solution.

Further work will include the analysis of additional fault
types, particularly phase-to-ground and three-phase faults,
in order to confirm the robustness and general applicability
of the proposed method across a broader set of real-world
scenarios. The computational complexity of the proposed
method is low enough to enable real-time execution,
making it suitable for implementation in digital protection
platforms. As a future development, the algorithm can be
deployed and validated in an RTDS environment to assess
its performance under real-time constraints.
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