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Abstract

As power systems rapidly transition to a landscape dominated by inverter-based resources (IBRs) with grid-forming (GFM) con-
trols, existing protection philosophies face growing challenges. While advancements in GFM technology have primarily focused
on system stability, the impact on traditional protection schemes, particularly in the context of evolving grid codes, remains
underexplored. In this context, this paper presents a case study-based analysis of how distinct GFM control modes, dictated by
grid codes, affect the reliability of conventional distance protection. To do so, a 14-bus, 400 kV network dominated by GFM
IBRs was modeled in MATLAB/Simulink, incorporating four fault ride-through (FRT) strategies aligned with recent literature.
Several distance protection strategies (self-, cross-, and memory-polarized Mho relays, as well as zero- and negative-sequence
polarized quadrilateral characteristics) were assessed. The findings reveal that grid code requirements significantly influence the
dependability and security of protection, with virtual-admittance and dual-sequence reactive current injection FRT strategies
providing the most consistent performance. In particular, the zero-sequence polarized quadrilateral characteristic exhibited near-
perfect dependability for faults involving ground across all evaluated IBR control modes. These results demonstrate the crucial
role of harmonized grid code standardization in preserving the reliability of protection systems in modern grids.

1 Introduction

Over the past decades, wind generation has become a vital
component of the global power system, propelled by the world-
wide energy transition and the increasing penetration of renew-
able sources [1]. This transformation has led to a rise in the
deployment of inverter-based resources (IBRs), with a ten-
dency to now employ grid-forming (GFM) control strategies
that are reshaping the operational and protection paradigms
of modern grids [2]. While extensive research has addressed
aspects of transient and voltage stability [3, 4] in systems
with GFM IBRs, the fundamental question of how conven-
tional protections are affected in such GFM IBR-dominated
systems remains underexplored. Most research in this topic
focuses on grid-following (GFL) IBRs operating in systems
where conventional generators prevail [5–8].

The report presented in [2] highlights this research gap by
identifying only two studies that directly address the protec-
tion of systems with GFM IBRs [9, 10]. In [9], three converter
architectures were examined in consideration of fault-ride-
through (FRT) requirements through current control and virtual
impedance methods. The study demonstrated that, depending
on the adopted design, the adverse influence of GFM IBRs
on distance protection performance can be reduced. However,
the analyses were restricted to phase-to-phase (PP) faults with

a fixed fault resistance of 1 Ω, and 100% IBR-dominated
grids were not explored. Similarly, [10] extended the inves-
tigation by assessing distance protection performance with
quadrilateral characteristics and a phase-selection algorithm
based on incremental currents. Two GFM IBR structures were
tested (one employing a GFM/GFL operational transition dur-
ing faults and another based on virtual impedance), and the
results indicated that virtual-impedance-based control provides
superior dependability, yet two-phase-to-ground (PPG) faults
were omitted, fault resistance was fixed at 2 Ω, and 100%
IBR-dominated systems were again not addressed.

Further progress was achieved in [11, 12], which expanded
the understanding of distance protection behavior in systems
containing GFM inverters. In [11], the performance of quadri-
lateral ground and Mho phase protections was analyzed under
single- and two-phase faults with fault resistances up to 20
Ω, assessing dependability and security aspects. Building upon
that, [12] extended the fault resistance to 50 Ω and conducted
an impedance-trajectory and phase-comparator analysis. Both
studies consistently demonstrated the detrimental effect of
increasing fault resistance on distance protection performance,
although three-phase faults were not included. Another contri-
bution came from [13], which evaluated multiple conventional
protection functions for 100% IBR-dominated grids, including
a negative-sequence impedance-based directional protection, a
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current-angle-based phase-selection method, and four polar-
ization approaches for Mho-type distance protection (self-,
cross-, memory-, and memory-cross-polarized). Simulations
compared conventional and inverter-dominated systems under
distinct GFM control modes, highlighting the importance of
harmonized grid codes to ensure consistent protection behav-
ior. Nevertheless, that work did not consider quadrilateral
distance characteristics for phase-to-ground (PG) faults, nor
did it examine virtual-admittance-based controls [14].

In general, the existing studies are complementary and offer
significant progress in the protection scope for 100% IBR-
dominated systems, but do not provide an integrated perspec-
tive that simultaneously considers multiple grid code require-
ments for IBRs, the key distance protection characteristics and
polarization strategies, and a broad scope of faults concerning
their types and the resistances.

In this context, the present study performs electromagnetic-
transient (EMT) simulations to investigate the interplay
between GFM IBR control requirements, aligned with recent
literature, and conventional distance protection strategies. A
test system representing a fully inverter-dominated network
was modeled in MATLAB/Simulink to replicate realistic fault
conditions. The analysis focuses on five protection strate-
gies commonly used in practice: self-, cross-, and memory-
polarized Mho relays, as well as zero- and negative-sequence
polarized quadrilateral characteristics [15]. Four FRT strategies

are assessed to represent different grid code strategies priori-
tizing positive-sequence active current [16], positive-sequence
reactive current [17], both positive- and negative-sequence
reactive currents [18], or maintaining the virtual-admittance
control approach controlling the reference currents during
faults [14].

The main idea is to provide a case study in which, for
the same 100% GFM IBR-dominated system, the influence of
different FRT strategies on the performance of distinct dis-
tance protection strategies is assessed, showing how certain
grid codes may favor or hinder specific distance protection
behaviors. The resulting findings are expected to shed light
on the protection challenges of future inverter-based grids and
contribute to ongoing efforts to standardize and coordinate
protection in next-generation power systems.

2 Test System

To assess the performance of various protection schemes under
the described conditions, a detailed EMT model of a GFM
IBR-dominated transmission network was developed in MAT-
LAB/Simulink software. The modeled system consists of 14
buses operating at 400 kV (50 Hz) [19], incorporating 11 GFM
IBRs and 9 loads distributed throughout the network. The indi-
vidual line lengths are specified in Fig. 1 as well as IBR and
load power ratings.
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Fig. 1. Test system.

Table 1 GFM IBR main parameters.
Parameter G2,G3,G4,G12 G5,G10,G14 G6,G7,G8 G9

Nominal Power (MVA) 150,120,150,150 180,150,180 160,300,120 180
Virtual Inertia (s) 2.5 1 2 2
Virtual Damping 180 100 150 120

Virtual Reactance (p.u.) 0.5 0.5 0.5 0.5
Virtual Admitt. Time Constant (s) 15e-3 15e-3 15e-3 15e-3

Filter Reactance (p.u.) 0.1 0.1 0.1 0.1
Filter Resistance (p.u.) 5e-4 5e-4 5e-4 5e-4
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Regarding the modeling of the GFM inverters, the main
parameters are described in Table 1. The virtual admittance
control concept was adopted, as described in [14]. The Dou-
ble Synchronous Reference Frame (DSRF) approach was
employed within the GFM control structure, enabling inde-
pendent regulation of both positive- and negative-sequence
voltages and currents. For synchronization, the Virtual Syn-
chronous Machine (VSM) control principle was implemented
[20, 21]. The positive-sequence voltage reference is determined
through a Q/Vac droop control, while the negative-sequence
voltage reference is fixed at zero. These two sequence compo-
nents are superimposed to generate the final three-phase (abc)
voltage reference supplied to the converter.

The converter transitions to an abnormal operating mode
when the positive-sequence voltage magnitude drops below
0.85 p.u., or when the negative-sequence voltage exceeds 0.05
p.u. Under such abnormal conditions, negative-sequence cur-
rent injection is prioritized [22]. The K-factor for positive- and
negative-sequence reactive curves was set to 2.5 [18].

During abnormal operation, four different FRT strategies
were analyzed. These alternative control modes are summa-
rized as follows:

• C1: priority to positive-sequence active current, as com-
monly prescribed in early grid codes [16];

• C2: priority to positive-sequence reactive current, in line
with more recent FRT requirements that favor voltage
support during faults [17];

• C3: priority to both positive- and negative-sequence reac-
tive currents, following modern grid codes that explicitly
require negative-sequence current injection for asymmetri-
cal faults [18];

• C4: virtual-admittance-based control, in which the con-
verter currents are fully defined by the virtual admit-
tance law even during faults, without enabling a dedicated
FRT current-prioritization logic. In this mode, the virtual-
admittance current references are only limited in magnitude
to 1 p.u., with no predefined priority between active and
reactive components [14].

For the fault analysis performed in this study, disturbances
were applied to the transmission line connecting buses B1 and
B9. Both internal faults F2 to F6, corresponding respectively
to 0%, 25%, 50%, 75%, and 100% of the line length, and
external faults (F1 and F7, corresponding to bus B9 and bus
B1 faults, respectively) were considered. The fault scenarios
included multiple fault types (AG, AB, ABG, and ABC), resis-
tances (varying the phase-to-phase resistance between 0, 1.5,
2.5, and 5 Ω, and the phase-to-ground resistance between 0,
10, 25, and 50 Ω), and inception angles (0 and 90 degrees). For
all presented analyses, measurements taken at point P1 were
used as the reference for evaluation.

3 Assessed Distance Protections

This section discusses the distance protection strategies con-
sidered in this study, including the Mho and Quadrilateral
characteristics [15].

The behavior of the assessed distance protections is gov-
erned by the evaluation of the operating (

−→
Vop) and polarizing

(
−−→
Vpol) quantities, which are described for the AG and AB fault

loops in Table 2 for Mho characteristics [15]. Formulations for
other faulted loops can be obtained analogously by replacing
the respective phase variables [15]. In Table 2, ZR denotes the
impedance setting of the protection zone;

−→
IA,

−→
IB , and

−→
I0 are the

phase-A, phase-B, and zero-sequence current phasors, respec-
tively; while

−→
VA,

−→
VB , and

−→
VC correspond to the phase voltage

phasors. The coefficient k0 represents the zero-sequence com-
pensation factor, and the subscript M designates memorized
(pre-fault) quantities [23].

In this study, the phase-comparison principle is adopted.
The comparator angle, α, is obtained as the phase difference
between the operating and polarizing quantities. The distance
element identifies a fault as internal to its zone of protection
whenever α lies within the interval ±90◦.

Regarding the quadrilateral characteristics, four phase com-
parators are evaluated: the reactance element, the directional
element, the left blinder, and the right blinder. Quadrilateral
characteristics with negative- (Quadr. I2) and zero-sequence
(Quadr. I0) current as polarization were considered. The quan-
tities for each element are described in Table 3.

In this table,
−−→
Vloop and

−−→
Iloop represent the loop voltage and

current phasors;
−→
I2 is the negative-sequence current phasor; ϕ

represents the non-homogeneity angle; ZD is the impedance of

Table 2 Operating and Polarizing Quantities for Mho Charac-
teristics (AG and AB Fault Loops).

Mho Self-Polarized Distance Protection (Mho Self)

Loop
−→
Vop

−−→
Vpol

AG ZR · (
−→
IA + k0 ·

−→
I0 )−

−→
VA

−→
VA

AB ZR · (
−→
IA −

−→
IB)− (

−→
VA −

−→
VB) (

−→
VA −

−→
VB)

Mho Memory-Polarized Distance Protection (Mho Mem)

Loop
−→
Vop

−−→
Vpol

AG ZR · (
−→
IA + k0 ·

−→
I0 )−

−→
VA

−−→
VAM

AB ZR · (
−→
IA −

−→
IB)− (

−→
VA −

−→
VB) (

−→
VA −

−→
VB)M

Mho Cross-Polarized Distance Protection (Mho Cross)

Loop
−→
Vop

−−→
Vpol

AG ZR · (
−→
IA + k0 ·

−→
I0 )−

−→
VA j(

−→
VB −

−→
VC)

AB ZR · (
−→
IA −

−→
IB)− (

−→
VA −

−→
VB) −j

−→
VC

Table 3 Operating and Polarizing Quantities for Quadrilateral
Characteristics.

Element
−→
Vop

−−→
Vpol

Reactance ZR ·
−−→
Iloop −

−−→
Vloop (j

−→
I0 |j

−→
I2 ) · ejϕ

Directional ZD · (
−→
I0 |

−→
I2 )

−−→
VloopM

Right blinder ZRb ·
−−→
Iloop −

−−→
Vloop ZRb ·

−−→
Iloop

Left blinder ZLb ·
−−→
Iloop −

−−→
Vloop ZLb ·

−−→
Iloop
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the directional characteristic (unit magnitude and phase angle
equal to that of ZR); and ZRb and ZLb correspond to the right
and left blinders, respectively [24].

The settings for ZR, ZD, ZLb, and ϕ are 31.2∠80.3°,
1∠80.3°, 5 Ω, and 8°. ZRb was configured as 4·|ZR|Ω for PG
and PPG faults, and |ZR|Ω for PP and PPP faults [24].

4 Results and Discussions

This section presents and discusses the main insights obtained
in this study, providing a quantitative overview of the depend-
ability (the ability of a protection to operate when expected,
i.e., in the occurrence of internal faults) and security (its ability
to prevent unnecessary trips under external fault conditions) for
each protection function, by fault type and IBR control mode
considered.

4.1 Overall Dependability and Security Results of the
Evaluated Protections

This subsection presents analyses focusing primarily on
dependability and security, with numerical results summarized
in Table 4. Among the main observations derived from this
preliminary analysis, the following stand out:

• Mho Self: Although it achieved 100% security regardless
of the fault type or IBR control mode, it was also the only
evaluated function that showed unsatisfactory dependability
levels for all assessed conditions, with percentages below
or equal to 50%. Thus, this strategy should be avoided in
systems such as the one analyzed in this paper;

• Mho Mem: This protection was the best-performing for PP
faults when operating under control C4, with dependabil-
ity and security values above 96%. This behavior suggests
that the virtual admittance control strategy best aligns IBR
behavior with that of conventional synchronous genera-
tors, for which memorized Mho characteristics were orig-
inally designed. Moreover, this protection achieved 100%
dependability for PG, PP, and PPG faults under C2 and
C3 controls, although with lower security levels (indicating
zone overreach). Additionally, it was the best-performing
for PPP faults, delivering 100% security (except for C1) and
dependable performance above 62% across all IBR control
modes;

• Mho Cross: The cross-polarized strategy proved to be
highly effective for PP faults under control mode C3,
achieving 100% dependability and security, confirming
conclusions already observed in the literature [13]. Satis-
factory performance was also recorded for PP faults under
control C4, though not exceeding the outcomes achieved
with the Mho Mem;

• Quadr.
−→
I0 : This protection yielded 100% dependability and

security for PG faults in all cases except control C1, which
still presented results above 93%. As PG faults are the most
frequent in transmission systems, these findings are par-
ticularly relevant for protection design in IBR-dominated
networks. It also performed excellently for PPG faults under
more recent control modes (C3 and C4), maintaining 100%

security and dependability above 85%. Notably, under con-
trol C3, this protection reached 100% dependability and
security for both PG and PPG faults;

• Quadr.
−→
I2 : As expected, this protection displayed non-zero

dependability only for controls C3 and C4, which allow
IBRs to inject negative-sequence current (

−→
I2 ) during asym-

metrical faults. However, its performance was not the best
for any specific fault type or control mode combination.

Overall, the results highlight the high potential of the Quadr.−→
I0 protection for PG faults across all control modes, with
particularly promising outcomes under C2, C3, and C4. This
strategy also performed well for PPG faults, especially for
modern control configurations (C3 and C4). For PP faults, none
of the evaluated protections achieved satisfactory results across
all control modes simultaneously, although the Mho Cross
stood out under C3, and the Mho Mem under C4. Finally, for
PPP faults, the Mho Mem was the most consistent, maintain-
ing 100% security and more than 62% dependability across C2,
C3, and C4 controls.

Table 4 Dependability and security percentages of the evalua-
ted protection functions.

Dependability / Security (%)
Mho Self

Fault Type C1 C2 C3 C4
PG 21.1/100 21.9/100 21.9/100 23.4/100
PP 31.3/100 31.3/100 31.3/100 37.5/100

PPG 30.5/100 31.3/100 36.7/100 34.4/100
PPP 50.0/100 40.6/100 34.4/100 43.8/100

Mho Mem
Fault Type C1 C2 C3 C4

PG 47.7/59.4.3 100/20.8 100/29.2 98.4/56.3
PP 6.35/33.3 100/50.0 100/33.3 96.9/100

PPG 4.69/20.8 100/68.7 100/75.0 86.7/95.8
PPP 93.8/0.00 71.9/100 65.6/100 62.5/100

Mho Cross
Fault Type C1 C2 C3 C4

PG 18.0/100 18.0/100 53.9/87.5 46.9/100
PP 0.00/100 6.25/100 100/100 75.0/100

PPG 25.0/100 32.8/100 100/66.7 75.0/100
PPP 50.0/100 40.6/100 50.0/100 43.8/100

Quadr.
−→
I0

Fault Type C1 C2 C3 C4
PG 96.9/93.8 100/100 100/100 100/100

PPG 78.1/100 49.2/91.7 100/100 85.9/100

Quadr.
−→
I2

Fault Type C1 C2 C3 C4
PG 0.0/93.8 0.0/100 87.5/100 80.5/100
PP 0.0/75.0 0.0/100 93.8/66.7 75.0/83.3

PPG 0.0/100 0.0/100 96.1/47.9 76.6/45.8

4



4.2 Detailed Discussions by Fault Type

Figs. 2, 3, 4, and 5 illustrate the correct operation rate of dis-
tance protections for PG, PP, PPG, and PPP faults, respectively,
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Fig. 2 Performance of distance protections for PG faults, con-
sidering the IBR controls: (a) C1, (b) C2, (c) C3, and (d) C4.
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Fig. 3 Performance of distance protections for PP faults, con-
sidering the IBR controls: (a) C1, (b) C2, (c) C3, and (d) C4.

considering each fault location (F1 to F7) and each IBR control
mode under analysis. These figures represent the percentage of
cases in which the protection did not operate for external faults
(F1, F6, and F7) and operated for internal faults (F2 to F5).
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Fig. 4 Performance of distance protections for PPG faults, con-
sidering the IBR controls: (a) C1, (b) C2, (c) C3, and (d) C4.
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Fig. 5 Performance of distance protections for PPP faults, con-
sidering the IBR controls: (a) C1, (b) C2, (c) C3, and (d) C4.
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Fig. 2 shows a consistent improvement trend in the accu-
racy of distance protections for PG faults as the control modes
evolve from C1 to C4, particularly for the Mho Mem, Mho
Cross, and Quadr.

−→
I2 . The Quadr.

−→
I0 exhibits a uniform behav-

ior across all internal fault locations from C2 onward, com-
bining 100% satisfactory performance for internal faults with
complete stability for external ones, which confirms its strong
suitability for ground faults already suggested by the aggre-
gated results. In contrast, the Mho Self characteristic presents
a marked underreach pattern: its operation is concentrated in
the most severe internal faults close to the measurement point
(P1), with low sensitivity to faults closer to the remote terminal.
This explains the low dependability levels observed in Table 4,
despite the consistently high security.

The performance improvement observed from C3 to C4 is
strongly linked to the changes in IBR fault-current behavior.
Under C3, IBRs start injecting negative-sequence currents dur-
ing asymmetrical faults, making the system response more sim-
ilar to that of synchronous generators. The virtual-admittance
control (C4) further stabilizes the apparent impedance seen
by the relay, consolidating these gains in terms of correct-
operation rate.

Fig. 3 indicates that, for PP faults, all protections show
limited performance under C1 and C2. Under control C3,
a significant improvement is observed, especially for the
Mho Cross function, which achieves 100% accuracy across
all scenarios. This behavior suggests that the application of
cross-polarization facilitates maintaining correct directional
discrimination, even under the angular variation characteristics
imposed by IBRs with C3-type controls [13]. The use of con-
trol C4 consolidates these improvements, particularly for the
Mho Mem, which achieves accuracy levels above 90% under
all conditions. The Quadr.

−→
I2 , which strongly depends on the

negative-sequence component, also demonstrates satisfactory
performance under C3 and C4, though still inferior to the Mho-
based strategies, reflecting its higher sensitivity to the dynamic
characteristics of GFM-IBR control schemes.

For PPG faults (Fig. 4), the transition from C1 to the more
advanced control modes again leads to a substantial improve-
ment in protection performance. The Mho Self continues to
display low performance for internal faults (showing an under-
reach tendency), whereas the other protection strategies exhibit
significantly higher accuracy levels under C3 and C4 controls.

The Quadr.
−→
I0 is the function that most closely approaches

ideal behavior for PPG faults, especially under C3, with full
coverage of internal faults and stable performance for exter-
nal ones. Mho Mem and Mho Cross provide intermediate yet
robust performance, confirming that adequate polarization and
advanced IBR controls are key to ensuring dependable distance
protection under complex unbalanced fault conditions.

Finally, Fig. 5 shows that for PPP faults, except for the
Mho Mem under control C1, all distance protections display an
underreach pattern for resistive internal faults, which becomes
more pronounced as the fault point moves further away from
the measurement point P1. From C2 to C4, all evaluated func-
tions remain fully secure for external faults, indicating that
the main challenge in PPP scenarios is achieving sufficient

reach rather than avoiding false tripping. Among the tested
schemes, Mho Mem attains the highest correct-operation rates,
followed by Mho Cross, whereas Mho Self maintains the
lowest sensitivity to internal PPP faults.

5 Conclusions

This case study provided insights about distance protection
behavior in 100% GFM IBR-dominated systems, emphasizing
the influence of grid code FRT requirements on protection reli-
ability. The main contributions and remarks can be summarized
as follows:

• The evolution from active-current priority (C1) to
dual-sequence-reactive current priority (C3) and virtual-
admittance (C4) control modes substantially increased the
dependability of the assessed protection functions, prov-
ing that FRT prescriptions directly shape the apparent
impedance and angular relationships perceived by distance
relays;

• Among all evaluated functions, the Quadr.
−→
I0 consistently

achieved the highest dependability and security in PG and
PPG faults, confirming its suitability for modern IBR grids;

• The Mho Mem and Mho Cross performed robustly under
advanced controls (C3 and C4), especially for PP and PPP
faults, reflecting the stabilizing effect of voltage memory
and cross-polarization in preserving directional integrity;

• The Mho Self, although fully secure (no false tripping),
demonstrated insufficient dependability in all tested scenar-
ios, reinforcing its unsuitability for GFM IBR-dominated
networks.

Overall, this study highlights the interplay between GFM
converter behavior, grid code standardization, and distance pro-
tection philosophy, offering insight into how future regulatory
evolution can secure dependable fault detection in increasingly
inverter-dominated power systems.

Beyond the specific FRT control modes investigated in this
paper, it is important to recognize that additional internal
variations of GFM IBR controllers, such as current satura-
tion and prioritization strategies, can also affect fault current
behavior and, in turn, the response of protection schemes.
Such implementation-dependent aspects were not exhaustively
explored in this work and therefore deserve dedicated attention
in future studies. In addition, future work will extend this anal-
ysis to analytical modeling of distance protection under GFM
dynamics, including simplified fault-current and voltage phasor
formulations to explain the observed results and to support the
development of novel protection solutions for IBR-dominated
grids.
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