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Abstract

In this paper, the performance of a conventional distance protection relay employing a
single ground compensation factor (ko) per protection zone is investigated for non-uniform
transmission lines consisting of mixed overhead line and underground cable sections.
In such composite lines, the use of a single ko value may lead to inaccurate apparent
impedance calculation during phase-to-ground faults due to significant differences in
zero- and positive-sequence parameters among line sections. To address this limitation, a
novel ground distance protection algorithm is proposed, which applies separate ground
compensation factors corresponding to individual line sections within the same distance
protection zone. The proposed algorithm dynamically identifies the faulted line section
based on the measured reactance and selects the appropriate compensation factor accord-
ingly. A three-section composite transmission line model is developed in the ATP-EMTP
environment, including overhead and cable segments with different electrical character-
istics. Phase-to-ground faults are simulated at various locations along each line section,
and the apparent impedances calculated using the proposed algorithm are quantitatively
compared with those obtained from the classical ground distance protection algorithm.
Simulation results demonstrate that, under resistive fault conditions (Rarc = 1 QQ), the
proposed method reduces impedance magnitude estimation errors from over 23% to be-
low 7%, while maintaining comparable or improved angle estimation accuracy across the
protected zone. Although the proposed algorithm introduces an additional computational
step due to the selection of appropriate ground compensation factors for individual line
sections, this aspect has not been evaluated under real-time conditions and is left for future
implementation-oriented studies. Overall, the proposed approach offers a practical and
effective solution for improving ground distance protection performance in non-uniform
transmission lines.

Keywords: ATP-EMTP; distance protection; ground compensation factor (kg); phase-ground
fault; non-uniform transmission lines

1. Introduction

Transmission and distribution networks in Tiirkiye and many other countries ex-
periencing rapid economic growth are undergoing significant transformation. Industrial
development, urban expansion, and increasing electricity demand have placed considerable
pressure on existing transmission infrastructure. To address these challenges in a cost-
effective manner, transmission system operators are investing not only in new transmission
corridors but also in upgrading and reconfiguring existing lines. In practice, this often
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leads to transmission lines composed of different sections, such as overhead lines combined
with underground cable segments, or sections employing different conductor types and
circuit configurations. Although uniform transmission line configurations are generally
preferred from a protection and operation perspective, constraints related to expropriation,
urbanization, and investment costs frequently make such uniformity impractical.

Distance protection relays remain the primary protection scheme for transmission lines
due to their well-established advantages, including relative insensitivity to short-circuit cur-
rent magnitude, inherent backup capability, fault location functionality, load encroachment
handling, and power swing detection. The operating principles, practical implementation
details, and ground distance measurement concepts of distance protection relays are exten-
sively documented in manufacturer manuals and application guides provided by major
relay vendors such as Schneider Electric, Schweitzer Engineering Laboratories, Siemens,
Hitachi Energy, and GE Vernova [1-5]. The general operating principles and practical
considerations of ground distance protection have also been comprehensively reviewed in
the literature [6].

Previous studies addressing the performance limitations of distance protection relays
can be broadly classified into three main categories. The first category focuses on the impact
of arc resistance on apparent impedance calculation, particularly for phase-to-ground
faults. In such cases, unknown and time-varying fault resistance may introduce significant
reach errors and compromise relay selectivity. Classical compensation approaches were
proposed in early studies, while more recent works have revisited this problem using
improved modeling and simulation techniques to better capture arcing behavior and
impedance measurement errors [7-10]. Recent studies have also addressed fault resistance
compensation in distance protection schemes, particularly for transmission lines connected
to renewable energy sources such as photovoltaic plants [11].

The second category investigates the influence of mutual coupling and parallel or
multi-circuit transmission lines. Zero-sequence coupling between adjacent circuits signifi-
cantly affects ground distance measurements and may lead to relay misoperation if not
properly compensated. Both classical and modern studies have demonstrated that mutual
coupling can distort apparent impedance trajectories, particularly under resistive ground
fault conditions, and various compensation and adaptive schemes have been proposed to
mitigate these effects [12-14].

The third category, which has received comparatively limited attention, concerns
distance protection applied to composite or non-uniform transmission lines consisting of
different conductor types, circuit configurations, or combinations of overhead lines and un-
derground cables. Mixed transmission lines exhibit pronounced variations in zero-sequence
impedance and X /X ratios between sections, which directly affect ground distance mea-
surements. Several studies have addressed protection challenges in mixed or cascaded
overhead—cable systems and hybrid transmission lines; however, most of these works focus
on fault location accuracy or protection coordination rather than the internal behavior
of ground distance algorithms themselves [15-18]. More recently, combined protection
and fault location algorithms have been proposed for mixed or hybrid transmission lines;
however, these methods typically rely on complex signal processing and do not explicitly
address ground distance compensation within a single protection zone [19,20].

As a consequence of this limited consideration of parameter non-uniformity, distance
protection relays applied to composite transmission lines may calculate inaccurate apparent
impedance during phase-to-ground faults. Transmission lines composed of sections with
different electrical characteristics may cause conventional distance protection algorithms to
exhibit overreach or underreach behavior, potentially leading to incorrect zone operation
and reduced protection selectivity.
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The primary reason for these inaccuracies is that conventional ground distance pro-
tection algorithms implicitly assume that each protection zone corresponds to a uniform
transmission line. Under this assumption, a single ground compensation factor is applied
throughout the zone. While this simplification facilitates relay setting and implementation,
it becomes problematic for non-uniform transmission lines, particularly those combining
overhead and underground sections with significantly different zero-sequence characteristics.

Although existing literature has extensively addressed arc resistance effects, mutual
coupling, and parallel-line configurations, the specific impact of electrical parameter non-
uniformity within a single protection zone remains insufficiently investigated. In particular,
most existing approaches continue to rely on a single ground compensation factor and
implicitly assume uniform line parameters within each protection zone, even for composite
overhead—cable or hybrid transmission lines. A systematic comparison of representative
studies in the literature, summarized in Table 1, reveals that while various protection
enhancements have been proposed, none explicitly integrate dynamic section identification
and section-dependent ground compensation within a single distance protection zone.
Consequently, the implications of employing a single ground compensation factor for com-
posite transmission lines—especially in terms of reach accuracy and impedance trajectory
behavior under ground faults—have not been comprehensively analyzed.

Table 1. Comparison of existing ground distance protection approaches and the proposed method.

Line Type Ground Compensation  Single Protection Section el
Study/Approach Considered Strategy Zone Assumption Identification Main Limitation
Smith et al. [6] Umform Single fixed kg per zone Yes No Assumes uniform line
overhead lines parameters
. Parallel Fault resistance Focusgd on mufcual
Bharti et al. [7] . . Yes No coupling, not line
overhead lines compensation > .
non-uniformity
Blumschein . Arc resistance Does not address
L Overhead lines . Yes No oo .
& Dzienis [9] compensation composite line sections

Protection accuracy
Conventional kg Yes No degradation not
quantitatively addressed

Tziouvaras Mixed
& Needs [15] OHL~—cable lines

Zahran et al. Cascaded Modified impedance Yes No Static compensation
[16] OHL—cable calculation approach
Aminirad N Combined protection & Increased algorithmic
& Shahrtash [19] Hybrid lines fault location Yes No complexity
Proposed . .
e Noulm | setidepedent -y, -
(This Paper) p p 0

Motivated by this research gap, this study evaluates the performance of a conventional
phase-to-ground distance protection algorithm employing a single ground compensation
factor and compares it with a newly proposed approach designed for non-uniform trans-
mission lines. The proposed method dynamically identifies the faulted line section within
a single protection zone based on the measured reactance and applies a section-specific
ground compensation factor corresponding to the identified line segment.
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Unlike existing approaches that treat section-dependent compensation as a static set-
ting or rely on averaged parameters, the proposed algorithm integrates section-dependent
ground compensation directly into the distance protection algorithm itself. This enables
adaptive operation within a single protection zone without increasing setting complexity.
The effectiveness of the proposed approach is validated through ATP-EMTP simulations
conducted on a three-section composite transmission line consisting of overhead and un-
derground segments, and its performance is quantitatively compared with that of the
conventional ground distance protection algorithm.

The main contributions of this paper can be summarized as follows:

e A novel ground distance protection algorithm is proposed for non-uniform trans-
mission lines, which dynamically identifies the faulted line section within a single
protection zone and applies the corresponding ground compensation factor.

e  The limitations of conventional distance protection relays employing a single ground
compensation factor per zone are quantitatively demonstrated for composite overhead-
cable transmission lines using ATP-EMTP simulations.

e  Simulation results show that the proposed algorithm significantly reduces apparent
impedance estimation errors, particularly in the middle of the protection zone, thereby
mitigating overreach and underreach problems under resistive fault conditions.

e  Unlike conventional methods based on a single averaged compensation factor, the
proposed approach employs section-specific ground compensation factors and inte-
grates faulted section identification into the distance measurement process, providing
improved accuracy for non-uniform transmission lines with a practical and imple-
mentable protection scheme.

The remainder of this paper is organized as follows. Section 2 presents the con-
ventional phase-to-ground distance measurement principle and introduces the proposed
section-based ground distance protection algorithm. Section 3 describes the ATP-EMTP
simulation model and fault scenarios applied to a non-uniform transmission line. Section 4
provides a comparative performance analysis between the classical and proposed algo-
rithms, and Section 5 concludes the paper.

2. Proposed Ground Distance Algorithm

This section introduces the proposed ground distance protection algorithm. As a pre-
liminary step, the conventional phase-to-ground distance measurement principle is briefly
reviewed to highlight the implicit assumptions associated with a single compensation
factor. These assumptions form the motivation for the proposed algorithm developed in
the subsequent subsection.

2.1. Conventional Phase-to-Ground Distance Measurement

For an L1 phase-to-ground fault, as shown in Figure 1, the distance protection relay
initially detects the faulty phase and subsequently computes the apparent impedance. This
calculation is performed using Equation (4), which is obtained by transforming Equation (1).
In Equation (4), the ground impedance term (Zg) is eliminated by incorporating the zero-
sequence compensation factor k.

Vin = I X Zp—1In X Zg 1)

70— 7+

VRS 3

(2)
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Figure 1. Phase-ground fault. The arrows indicate the phase currents and the short-circuit current (I ).

The parameter kg is referred to as the standard ground compensation factor and is de-
fined as the ratio of the ground impedance to the line impedance as shown in Equation (3).

Z 70— 7+
kg==8="_—— 3
A 3zt )
Viin = I x Zp, —In X ko X Zp, 4)

Using the method of symmetrical components, as illustrated in Figure 2, phase-to-earth
faults are analyzed by connecting the positive-, negative-, and zero-sequence networks
in series.

It

C
Zs*t I Zy,"

Figure 2. Sequence network for a phase to ground fault.

Vii=Vi4+ v+ V0 (5)
I =1"4+1 +1° (6)
Iy = 31 7)

In transmission lines, the positive-sequence impedance is typically equal to the
negative-sequence impedance.

Zt=72"= 7 8
Vin=Zt xIT+Z xI"+2° x1° 9)
Vin = Z" x IT+17)+2" x I° (10)
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By substituting Equations (5)-(8) into Equation (10), Equation (16) is obtained.
Equation (16) expresses the relationship between the relay-calculated impedance, the volt-
ages and currents measured by the relay, and the ground compensation factor.

VN =27 x (I =10+ 2% x 1° (11)

Vin= Zt x ;1 =72 x °420 x 1° (12)

Vin =Z7 x I+ (2°—24) x1° (13)
.

VLlN = Z+ X ILl =+ (ZO — Z+) X TN (14)
. VARYAN N

Viin= 2 I + 7+ X 3 (15)

Viin = Zp(Inn — ko x In) (16)

For uniform transmission lines, the ground compensation factor can be readily cal-
culated using (3). However, for non-uniform transmission lines composed of sections
with different electrical characteristics, protection engineers commonly adopt one of the
following two approaches to determine a single ground compensation factor

In the first approach, referred to as the average ground compensation factor method,
the ground compensation factors calculated individually for each line section are arith-
metically averaged. Accordingly, the individual ko 5, values corresponding to each section
are summed and divided by the total number of line sections. This method is frequently
applied in practice due to its simplicity, particularly when a single compensation factor is
required for the entire protection zone. The corresponding formulation is given below.

. kot + koo +koz + ...+ kon

ko . (17)
n
ko = Z1 K00 (18)
n

In the second approach, the ground compensation factor is derived directly from the
total zero-sequence and positive-sequence impedances of the composite transmission line.
In this case, the overall line impedance is obtained by summing the sequence impedances
of all individual sections, and the ground compensation factor is then calculated using
these equivalent total impedances. This method reflects the aggregated electrical behavior
of the non-uniform line and is expressed by the following equations.

Zt = (rf +f g ) AT xS X ) (19)
2= () )+ )i 0+ ) (20)

(' A+ 10 ) = () o e ] H G ) = ()] o
0 = .
3[(r] 41y +rf +..)Fix] + xF +x5 +..0)]

_ XN (e — )+ (xp —xa)]

k
0 3 M — x)

(22)

2.2. Proposed Section-Based Ground Distance Algorithm

Transmission lines may be represented as multiple line segments with distinct electri-
cal characteristics. The proposed ground distance protection algorithm utilizes individual
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ground and coupling compensation factors for each segment in non-uniform transmis-
sion lines. Following fault detection, the relay determines the fault cycle and evaluates
the phase-to-ground loop. The faulted line segment is identified based on the reactance
measured during the fault, which is assumed to be insensitive to fault arc resistance. Subse-
quently, the appropriate compensation factors are selected, and the impedance calculation
proceeds according to the proposed equations until the relay issues a trip command. The
N-section transmission line representation adopted to model the non-uniform line structure
is illustrated in Figure 3.

First line Second line Third line nth

section section section line section

) sec1 2 sec2 /-sec3 2 partn
— — ; — R I

Zg—secl ngseCZ ngsec3 Zo—secn
—I—1 —1 : —1 e ——rg_—}—

ko1 ko2 ko3 ko

Figure 3. N-section transmission line model.

Based on the proposed algorithm, the relay selects the appropriate phase-to-ground
loop and computes the impedance using Equation (23).

VN
Z = — 23
Relay I —In X ko (23)
ZRelay = RRelay + jXRelay (24)

If the condition Xrelay < X sec1 is satisfied, the impedance is computed using
Equation (23) until the relay operates.

If Xrelay > Xi—sec1, the algorithm determines that the fault is not within the first line
section, and Xielay is recalculated according to Equation (25).

Viin
I —In x (kg +ko2)

ZRelay = (25)

If Xrelay < Xj_sec2, the fault is determined to be located in the second line section,
and the impedance is calculated using Equation (25) until the relay issues a trip decision. If
Xrelay > Xi-sec2 is calculated using Equation (26).

Vi (26)

Z P—
Rely = 11— In x (kg + ko2 + ko3)

The above calculations are iteratively applied to all line sections. For a transmission
line composed of n sections, the impedance corresponding to the nth section is computed
using Equation (27). The overall computational procedure of the proposed algorithm is
summarized in the flowchart shown in Figure 4.

7 _ ViiN
Relay ™ T, — Ty X 27 Kon

(27)
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o>

Calculate Xfault
using k01
Zrelay is
X, elay<x1—secl calculated using
k01
Xrelay is calculated
using k01,k02
Xrelay “Xi-sect c?i?gt;; —
Xj-sec2) using k01,k02
l No
Xrelay is calculated
using k01,k02,k03
Zrelay is
Xrelay “(X-sec1 * ca]cula}.’ted
. 7 Trip
using
Xl-sec2+Xi-sec3) k01,k02,k03
! No
i
Xrelay is calculatated
using lel Kon
Yes Zrelay is
calculated using -
21 Kon

No

Calculation for
Zone2

Figure 4. Flowchart of proposed algorithm.

3. Simulation Model of a Non-Uniform Three-Section Transmission Line

A three-section transmission line was modeled in the ATP-EMTP environment, as
illustrated in Figure 5. The first two sections consist of overhead lines, whereas the third
section is an underground cable. Figure 5 illustrates the physical configuration and lengths
of the three transmission line sections.

Busl First line Second line Third line  Bus2
section section section
7] ~sectionl 7] —section 2 Z1~section3
— 1
30km 40km 15km
3 bundled 2 bundled 2000mm?
1272MCM 954MCM ' underground
conductor conductor cable

96mm?2 OPGW 118mm? OPGW

Figure 5. A 3-section transmission line.
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The first transmission line section is modeled as a three-bundle 1272 MCM overhead
line with a 96 mm?2 OPGW ground wire, while the second section consists of a two-bundle
954 MCM overhead line equipped with a 118 mm? OPGW. The third section represents a
2000 mm? underground cable.

The non-uniform transmission line is modeled using a m-equivalent representation
for each line section in the ATP-EMTP environment. The sending-end and receiving-
end buses are represented by their Thevenin equivalents to realistically model the
source and system strength. At Bus 1, the positive-sequence Thevenin impedance
is assumed as 1.1393 +i20.64026 (), while the zero-sequence Thevenin impedance is
15.2765 + 20.74186 (). Similarly, at Bus 2, the positive-sequence Thevenin impedance is
modeled as 1.1422 +j21.05 (), and the corresponding zero-sequence Thevenin impedance
is 15.2794 +j21.15027. These values are selected to represent a realistic transmission system
environment and to ensure that the influence of source impedance on ground distance
measurements is properly captured in the simulations.

All simulations are performed in the ATP-EMTP environment using a fundamental
system frequency of 50 Hz. Voltage and current signals are measured at the relay location
at Bus 1 and processed using fundamental frequency phasor quantities. The apparent
impedance calculations are based on steady-state phasor values obtained after fault in-
ception. A fixed simulation time step is employed to ensure numerical stability, and no
additional signal filtering is applied in order to clearly observe the inherent behavior of
the distance protection algorithms under ideal measurement conditions. The simulation
time step is set to At =1 ps to accurately capture transient fault behavior while maintaining
numerical stability.

Table 2 presents the parameters of the transmission line sections considered in the
simulation. The electrical characteristics of the transmission lines were obtained from
the Load Dispatch Information System (YTBS) of the Turkish Electricity Transmission
Corporation (TEIAS).

Table 2. Kilometer-based electrical parameters of the three-section transmission line.

Line Section 1 Line Section 2 Line Section 3
R (Q/km) L (@mH/km) C(uF/km) R(Q/km) L@mHkm) C(uFkm) R(/km) L (@mH/km) C (uF/km)
zZr 0.0161 0.853 0.0138 0.0315 1.016 0.01156 0.0137 0.638 0.1443
70 0.2565 2.943 0.0087 0.2771 2.857 0.0082 0.0755 0.2174 0.1443

The per-kilometer positive- and zero-sequence impedance parameters listed in Table 2
are scaled by the physical lengths of the individual line sections to obtain the total sequence
impedances. These calculated impedances for each section, as well as the overall line
impedance, are presented in Table 3.

Table 3. Electrical characteristics of the three-section transmission line.

Line Section 1 (30 km) Line Section 2 (40 km) Line Section 3 (15 km)
R(©Q) L mH) C (uF) R(Q) L (mH) C (uF) R(©@) L@mH) C(uPb

Zt 0485 25.59 0.414 1.26 40.64 0.4624 0.2055 9.57 2.1645
70 7.695 88.29 0.261 11.084 114.28 0.328 1.1325 3.261 2.1645

Based on the data provided in Table 3, the line impedances are calculated and reported
for the first, second, and third line sections, followed by the total impedance of the trans-
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mission line. The corresponding impedance representation in the R-X plane, including
section boundaries and fault locations, is illustrated in Figure 6.

Zsec1 = 0.485+18.04 O
Zeen = 126 +i12.750Q
Zses = 0.2055 4 3.0105 Q)

Ziotal = 1.9485+i23.81 Q)

X(Q)
DEY ) — Line end
Fault 3
(Rarc=0Q)
,,,,,,,,,,,, : -------------¢ Fault3
- o 1Q]
20.80 13-86.1 A Forward
Fault 2 Zone 1
) e « Fault2
: (RarclQ)
ap=84.36°
8.04 XZ
Fault 1 Fault 1
(Rarc=00) ! (Rarc1Q)
— \[x=86.6° 1 1.9485
R(Q)
f 0483 1713

Figure 6. The impedance plot of the transmission line in the r—x plane is given in Table 3. And
distance protection zones (« denotes the line section impedance angle, defined as « = arctan(X/R)).
The blue dashed lines indicate the boundaries of the line sections in the R-X impedance plane, while
the red dashed lines represent the locations of the fault points in the R—X plane.

The simulated system operates at a bus phase to phase voltage of 420 kV. To evalu-
ate and compare the performance of the conventional and proposed distance protection
algorithms under non-uniform line conditions, single phase-to-ground (L1-G) faults are
systematically applied at the midpoint of each transmission line section. A total of six fault
scenarios are analyzed. In the first three scenarios, the arc resistance is set to zero in order
to establish a baseline condition, whereas an arc resistance of 1 ) is introduced in the
remaining scenarios to assess the impact of fault resistance. All faults are initiated at
100 ms.

Table 4 lists the apparent impedances between the sending-end busbar and the fault
locations for each scenario, which serve as reference values for evaluating the impedance
estimation accuracy of the distance protection algorithms.

Table 4. Impedances from busbar to fault location *.

Z (Q) **
First Fault 4.03/86.56°
Second Fault 14.47 /85.59°
Third Fault 22.39/85.27°

* Not including fault resistance. ** The slash with underline notation is used to represent the phase angle of
phasor quantities.

To evaluate the proposed and classical distance protection algorithms under realistic

conditions, an ATP-EMTP simulation model was developed using the transmission line
parameters listed in Table 3, as shown in Figure 7.
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o077 BDC — car /<3l :
: pol o) - » angle of currents |

aoz2 |abc /| xooos
<= ----- »current RMS
ms

Line Section 1 Line Section 2

Figure 7. ATP-EMTP simulation model developed using the parameters listed in Table 3.

3.1. Phase—Ground Fault in the First Section

Following the fault configuration illustrated in Figure 8, time-domain simulations are
conducted to capture the phase currents and phase-to-ground voltages at the relay location
under different arc resistance conditions. The instantaneous phase currents and phase-to-
ground voltages for the fault in the first line section with zero arc resistance are shown
in Figure 9, while the corresponding RMS values of phase currents and phase-to-ground
voltages are presented in Figures 10 and 11, respectively.

For the non-zero arc resistance case (Rarc = 1 ), the instantaneous waveforms of
phase currents and phase-to-ground voltages are illustrated in Figure 12, whereas the
RMS values of phase currents and phase-to-ground voltages are given in Figures 13 and 14,
respectively. These signals constitute the input data for the impedance estimation process of
the distance protection algorithms. The comparison between the Rarc = 0 () and Rarc =1 ()
cases enables the evaluation of the robustness of the impedance estimation under varying
fault resistance conditions.

Li ionl Line Line
ine section section? : soction3
50% Zsectionl 50% Zsectionl% Zsection2  Zsection3
| e T ) 1 H T 1 : —
I } | F—— ] e }
. - :
L1
Viin Rarc 5
IN §
v — : ; 1 |
[ 1— | ——A I T L I
o i bZ
50% Zgroundl 50% Zgrotmdli Zgroundz ; ground3
: koo ko3

ko1 2

Figure 8. Phase-to-ground fault in Section 1 (midpoint).
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i e B ey vy vioy I v 3y

Figure 9. Time-domain instantaneous waveforms of phase currents and phase-to-ground voltages for
a fault in the first line section (Rarc = 0).

9000
A
7500 -

6000 -

4500

3000 -

1500

0 T T — T T T T T T T
0 0.1 0.2 0.3 0.4 (s) 0.5

o [l e s e
Figure 10. Time-domain RMS values of phase currents for a fault in the first line section (Rarc = 0).
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kv
250

200

150

100

50
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0 0.1 0.2 0.3 0.4 (s) 0.5

vl Von Il vy

Figure 11. Time-domain RMS values of phase-ground voltages for a fault in the first line section
(Rarc = 0).
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TH _ BETI Y M vin [ v, I v 5,

Figure 12. Time-domain waveforms of phase current and phase-to-ground voltages for a fault in the
first line section (Rarc = 1).

9000
A
7500
6000 -
4500
3000
1500
0 T T — T T T T T T T
0 0.1 0.2 0.3 0.4 (s) 0.5

i e s

Figure 13. Time-domain RMS values of phase currents for a fault in the first line section (Rarc = 1).

300

i r s
250 - {
200

150

100 -
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0 0.1 0.2 0.3 0.4 (s) 0.5

Y RPN 7N

Figure 14. Time-domain RMS values of phase-ground voltages for a fault in the first line section
(Rarc =1).

3.2. Phase—Ground Fault in the Second Section

The same simulation procedure described in Section 3.1 is applied to an L1-G fault
located at the midpoint of the second transmission line section, as illustrated in Figure 15.
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The instantaneous phase currents and phase-to-ground voltages for the zero arc resistance
case are shown in Figure 16, while the corresponding RMS values of phase currents and
phase-to-ground voltages are presented in Figures 17 and 18, respectively.

For the non-zero arc resistance case (Rarc = 1 )), the instantaneous waveforms are
illustrated in Figure 19, whereas the RMS values of phase currents and phase-to-ground
voltages are given in Figures 20 and 21, respectively. These signals constitute the input
data for the impedance estimation process of the distance protection algorithms and enable a
comparative assessment of algorithm performance under different fault resistance conditions.
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Figure 15. Phase-to-ground fault in Section 2 (midpoint).
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Figure 16. Time-domain waveforms of phase current and phase-to-ground voltages for a fault in the
second line section (Rarc = 0).
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Figure 17. Time-domain RMS values of phase currents for a fault in the second line section (Rarc = 0).
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Figure 18. Time-domain RMS values of phase—ground voltages for a fault in the second line section
(Rarc = 0).
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Figure 19. Time-domain waveforms of phase current and phase-to-ground voltages for a fault in the
second line section (Rarc = 1).
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Figure 20. Time-domain RMS values of phase currents for a fault in the second line section (Rarc = 1).
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Figure 21. Time-domain RMS values of phase—ground voltages for a fault in the second line section
(Rarc =1).

3.3. Phase—Ground Fault in the Third Section

The same simulation procedure described in Section 3.1 is applied to an L1-G fault
located at the midpoint of the third transmission line section, as illustrated in Figure 22.
The instantaneous phase currents and phase-to-ground voltages for the zero arc resistance
case are shown in Figure 23, while the corresponding RMS values of phase currents and
phase-to-ground voltages are presented in Figures 24 and 25, respectively.

For the non-zero arc resistance case (Rarc = 1 ), the instantaneous waveforms are
illustrated in Figure 26, whereas the RMS values of phase currents and phase-to-ground
voltages are given in Figures 27 and 28, respectively. These signals constitute the input
data for the impedance estimation process of the distance protection algorithms and enable a
comparative assessment of algorithm performance under different fault resistance conditions.
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Figure 22. Phase-to-ground fault in Section 1 (midpoint).
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Figure 23. Time-domain waveforms of phase current and phase-to-ground voltages for a fault in the
third line section (Rarc = 0).
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Figure 24. Time-domain RMS values of phase currents for a fault in the third line section (Rarc = 0).
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Figure 25. Time-domain RMS values of phase—ground voltages for a fault in the third line section
(Rarc = 0).
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Figure 26. Time-domain waveforms of phase current and phase-to-ground voltages for a fault in the
third line section (Rarc = 1).

5000
A

4000

3000

2000

1000

0 T T T T T T T T T
0 0.1 0.2 0.3 0.4 (s) 0.5

i e s .

Figure 27. Time-domain RMS values of phase currents for a fault in the third line section (Rarc = 1).
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Figure 28. Time-domain RMS values of phase—ground voltages for a fault in the third line section
(Rarc =1).
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4. Performance Comparison Between Classical and Proposed Algorithms

In the implementation of the classical ground distance protection algorithm, the
ground compensation factor kj is computed using Method 2, which is based on the total
transmission line impedance. Specifically, the positive- and zero-sequence impedances
listed in Table 2 are utilized, and the resulting kg value is calculated according to
Equation (3) using the overall line parameters. The resulting ground compensation factor
applied in the classical algorithm, together with the corresponding impedance calculation
formulation given by Equation (28), are provided below.

ko = 0.617 — i0.191 = 0.618/ — 17.985°

7 _ Viin
Relay = 17 F Iy x (0.618/ — 17.985°)

(28)

Unlike the classical algorithm, the proposed algorithm employs a separate k factor
for each line section. The calculated k factors for the respective line sections are given
below, followed by the corresponding equations applied to each section.

ko = 0.8316 — i0.249 = 0.868/ — 16.67°

kop = 0.6234 —i0.1949 = 0.653/ — 17.36°

kos = —0.212 —i0.117 = 0.242/ — 151.073°

VN
Z = 29
Relay = 77 F In x (0.868/ — 16.67°) 29)

VLN
Z = 30
Rely = T +1In x (0.868/ — 16.67° + 0.653/ — 17.36°) (30)

_ VN
ZRelay - ) ° ) (31)
It +In % (0.868/ —16.67°40.653/ — 17.36° + 0.242/ — 151.073°)

To assess the performance of the proposed section-based distance protection algo-
rithm in comparison with the classical ground distance protection approach, a three-step
analysis was conducted. First, the phasor quantities measured at the relay location were
extracted under steady-state fault conditions. Second, these phasors were used to cal-
culate the apparent impedances using the classical formulation given in Equation (28)
and the proposed section-based formulations given in Equations (29)-(31). Finally, the
accuracy of the calculated impedances was quantitatively evaluated by comparing them
with reference values.

Phasor quantities were extracted from ATP-EMTP at three distinct post-fault instants
(200 ms, 250 ms, and 310 ms) to ensure that the analysis is based on steady-state fault
conditions and to verify the consistency of the calculated impedances over time. For each
fault scenario, the phase voltage, phase current, and residual current phasors measured at
the relay location are summarized in Table 5. The table includes three different fault loca-
tions, each evaluated under two fault resistance conditions (Rarc = 0 (2 and 1 Q3). For each
location-resistance combination, phasor values are reported at the three post-fault instants,
resulting in a comprehensive set of input data for the subsequent impedance calculations.
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Table 5. The L1 voltage, L1 current and IN phasor measurements recorded by the relay during

the fault.
First Fault * Second Fault Third Fault
t
(ms) Rarc=00Q Rarc=10Q Rarc=0 Q) Rarc=10Q Rarc =00 Rarc=10Q
Vi (kV) 64.37/0.0° 66.44/0.0° 129.44/0.0° 131.06/0.0° 142.49/0.0° 149.54/0.0°
200 Ir; (kA) 8.28/ —79.1° 8.17/—66.1° 5.35/-77.6° 5.27/-72.4° 4.51/-83.2° 4.43/-73.1°
In (kA) —-8.73/-78.0° —-8.6/—67.0° —4.80/-80.0° —4.74/-75.3° 3.45/-92.3° —3.38/—82.3°
Vi (kV) 63.08/0.0° 65.88/0.0° 129.31/0.0° 130.90/0.0° 154.60/0.0° 151.88/0.0°
250 I; (kA) 8.29/-79.2° 8.17/—68.0° 5.35/-77.6° 5.28/-72.4° 4.50/-73.2° 4.42/-70.2°
In (kA) —-8.73/-78.1° -8.6/—67.0° —4.80/-80.4° —4.74/-75.3° 3.45/-82.4° —3.38/=79.5°
Vi (kV) 63.48/0.0° 66.94/0.0° 129.32/0.0° 130.91/0.0° 151.0/0.0° 151.60/0.0°
310 I; (kA) 8.29/-79.1° 8.17/—68.0° 5.35/-77.6° 5.28/—72.4° 4.50/-77.7° 4.42/-71.0°
In (kA) —-8.73/-78.0° —86/—-67.0° —4.80/-804° —4.74/-75.3° 3.44/—86.9° 3.38/—80.3°
* The slash with underline notation is used to represent the phase angle of phasor quantities.

Using the phasor quantities listed in Table 5, impedance calculations were carried
out for both the classical ground distance protection algorithm and the proposed section-
based algorithm. The resulting apparent impedance values obtained for each fault case
are presented in Table 6. The table reports the calculated impedances for three different
fault locations, each evaluated under two fault resistance conditions (R =0 Q) and 1 Q}). For
each location-resistance combination, impedance estimates obtained using the classical
and proposed algorithms are listed at three post-fault instants (200 ms, 250 ms, and 310 ms),
enabling a consistent comparison of both methods under identical operating conditions.
Table 6. Impedances Calculated Using the Proposed (Z;) and Classical (Z;;) Algorithms.

First Fault Second Fault Third Fault
t (ms) (4.03 0/86.56° ) * (14.47 ©/85.59° ) (22.39 (1/85.27° )
Rarc=0Q Rarc=10Q Rarc=00Q Rarc=10Q Rarc=00Q Rarc=10Q
200 Z; ()  4.097/86.54° 4.30/74.48° 14.48/85.43° 14.9/80.09° 21.07/77.99°  22.18/79.02°
Zi ()  4.757/85.75° 4.96/73.59° 15.80/84.84°  16.23/79.82°  21.99/88.19°  23.52/81.72°
250 Z; () 4.012/86.63° 4.25/75.48° 14.48/85.6° 14.86/80.09°  22.75/78.71°  22.17/74.26°
Z; (Q))  4.66/85.84° 4.94/73.68° 15.79/84.99°  16.19/79.82°  23.90/81.85°  23.93/78.87°
310 Z; ((?)  4.037/86.53° 4.32/75.48° 14.48/85.6° 14.86/80.09°  23.04/86.11° 22.27/75.5°
Zi ()  4.68/85.78° 4.94/74.68° 15.79/84.99°  16.19/79.82°  23.34/86.35°  23.88/79.67°

* The slash with underline notation is used to represent the phase angle of phasor quantities.

To quantitatively evaluate the accuracy of the impedance calculations, the apparent
impedance values given in Table 6 were compared with the corresponding reference
impedances provided in Table 4. Based on this comparison, percentage magnitude and
angle errors were calculated for both the classical and proposed algorithms. The resulting
error metrics are presented in Table 7. The table reports the magnitude and angle error
percentages for three different fault locations, each evaluated under two fault resistance
conditions (R=0 Q) and 1 Q2). For each location—resistance combination, the errors associated
with the classical and proposed algorithms are listed at three post-fault sampling instants
(200 ms, 250 ms, and 310 ms), enabling a detailed assessment of the estimation accuracy
and temporal consistency of both approaches.
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Table 7. Magnitude and angle errors of impedance calculations obtained with the proposed (¢;) and
classical (&j;) algorithm.

First Fault Second Fault Third Fault
(4.03 (1/86.56° ) * (14.47 Q1/85.59° ) (22.39 1/85.27°)
t (ms) Error

Rarc=0Q Rarc=1Q Rarc=0Q Rarc=1Q Rarc=0Q Rarc=1Q

z Ang zZ Ang Z Ang z Ang z Ang z Ang

200 g; (%) 1.66 —0.02 6.70 —1396  0.07 —0.19 2.97 —643 —-590 —-854 —-094 733
;i (%) 18.04 —0.94 23.08 —1498 9.19 —0.88 12.16 —-6.74 —1.79 3.42 5.05 —4.16
250 g; (%) —0.45 0.08 5.46 —12.80 0.07 0.01 2.70 —6.43 1.61 -769 —-098 —1291
;i (%) 15.63 —0.83 22.58 —14.88 9.12 —0.70 11.89 —6.74 6.74 —4.01 6.88 —7.51
310 & (%) 0.17 —0.03 7.20 —12.80 0.07 0.01 2.70 —6.43 2.90 0.99 —054 —1146
;i (%) 16.13 —0.90 22.58 —13.72  9.12 —0.70 11.89 —6.74 4.24 1.27 6.65 —6.57

* The slash with underline notation is used to represent the phase angle of phasor quantities.

As shown in Table 7, the proposed section-based algorithm yields lower magnitude
error percentages than the classical approach in the vast majority of the investigated
fault scenarios, including different fault locations, fault resistance conditions, and post-
fault sampling instants. The performance difference becomes particularly significant under
resistive fault conditions (Rarc = 1 Q3). For example, at the first fault location and Rarc =1 (),
the classical algorithm exhibits magnitude errors exceeding 23% at 200 ms, whereas the
proposed algorithm reduces this error to 6.7%. Similarly, at the second fault location under
the same fault resistance, the classical method yields a magnitude error of about 12%
at 200 ms, compared to less than 3% for the proposed approach. An isolated exception
is observed for a solid fault case (Rarc = 0 (3) at 200 ms, where the classical algorithm
exhibits a slightly lower magnitude error. Nevertheless, although the magnitude error
of the classical algorithm generally decreases with increasing fault location, reaching its
lowest value of —1.79% at the third section, the proposed method maintains superior or
comparable accuracy overall, particularly under practical resistive fault conditions.

With regard to angle errors, the proposed algorithm provides improved estimation
accuracy for all fault scenarios in the first and second sections. In the third section, the
classical algorithm exhibits slightly lower angle errors in some cases; however, the pro-
posed method maintains comparable performance and demonstrates more consistent angle
estimation behavior across varying fault resistance conditions and sampling instants.

5. Conclusions

The results of this study demonstrate that the proposed ground distance protection
algorithm provides improved accuracy compared to the conventional algorithm for non-
uniform transmission lines. Quantitative comparisons indicate that the proposed method
significantly reduces impedance magnitude estimation errors in the majority of the simu-
lated fault scenarios and across different fault locations, particularly under resistive fault
conditions, when compared to the classical algorithm.

In terms of impedance angle estimation, the proposed algorithm generally yields
improved accuracy, especially for faults occurring in the central region of the protected
zone and under resistive fault conditions. Although in a limited number of cases the
conventional algorithm exhibits slightly lower angle error, the overall angle estimation
performance of the proposed method remains comparable or superior, without exhibiting
adverse effects on relay reach behavior.

By reducing impedance magnitude estimation errors across the protected zone, the
proposed algorithm improves relay reach accuracy compared to the conventional approach.
It is also observed that the proposed algorithm may introduce a slight delay in the oper-
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ation of the distance protection relay within the first protection zone. Nevertheless, this
delay is expected to remain within acceptable limits due to ongoing advancements in
microprocessor technology.

From an application perspective, the proposed method can be directly implemented in
modern numerical distance protection relays with adaptive setting capabilities, particularly
for transmission corridors composed of composite or non-uniform line sections. This makes
the algorithm suitable for protecting long transmission lines that combine overhead lines
and underground cables, which are increasingly deployed in renewable energy integration
and urban power systems. Furthermore, the adaptive nature of the proposed approach
provides a foundation for future integration with wide-area measurement systems (WAMS)
and adaptive protection schemes. It should be noted that the performance evaluation in
this study is based on simulation results, and further validation under field conditions will
be considered in future work.
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