
Study on IEEE 2800-2022 Standard Benefits for
Transmission Line Protection in the Presence of

Inverter-Based Resources
Moisés J. B. B. Davi, Mário Oleskovicz, Felipe V. Lopes

Abstract—This paper presents an Electromagnetic Transient
(EMT)-based study about the IEEE 2800-2022 standard
benefits for transmission line protection functionalities in
the presence of Inverter-Based Resources (IBR). Seven
functions are evaluated, namely: 1) Self-polarized distance
protection, 2) Memory-polarized distance protection, 3)
Memory-Cross-polarized distance protection, 4) Negative
sequence-based directional function, 5) Zero sequence-based
directional function, 6) Incremental phasor-based phase-selection
function, and 7) Current angle-based phase-selection function.
To do so, massive EMT simulations are carried out in the
PSCAD environment to emulate contingency scenarios in a
typical transmission circuit that interconnects an IBR to a
synchronous power grid. The evaluated protection functions
are implemented and validated with the routines applied in
commercial relays, providing a practical perspective on the
importance of recent advances in IBR control standards, such
as the IEEE 2800-2022. The results demonstrate that the IEEE
2800-2022 significantly improves the transmission line protection
performance, being the EMT-based analysis crucial to provide
a detailed study on these benefits.

Keywords—Directional Protection, Distance Protection,
IEEE 2800-2022, Inverter-Based Generators, Phase-Selection
Functions, Renewable Energy.

I. INTRODUCTION

THE increasing penetration of Inverter-Based Resources
(IBRs) in modern power grids and the use of different

Fault Ride Through strategies [1] have resulted in atypical
fault contributions in electrical systems interconnecting IBRs.
Hence, the assessment of IBR impacts on protection schemes
has been widely studied worldwide [2]–[13].

Among the challenges experienced by protection schemes in
the presence of IBRs, problems in non-unit protections stand
out [2]. Indeed, differential protection available in commercial
relays has proved to be dependable [3], but the traditional
distance protection is prone to malfunction [2], [3], which is
a cause of concern if communication channels are lost. Thus,
various studies about IBR impacts on distance protection have
been conducted, mainly because most large inverter-based
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renewable power plants are connected to the grid through
sub-transmission and transmission lines (TLs).

Most studies available in the open literature evaluate
only whether distance protection operates or not [3], [4].
Some works address the apparent impedance trajectories
calculated by distance protection elements in the presence of
IBRs, highlighting the challenges that can take place during
faults [2], [5], [10]–[13]. However, the influence of different
IBR grid codes on protection performance is commonly
disregarded. Even when more profound studies on grid codes
are carried out, comprehensive investigations on the main
fault types and characteristics are not presented. In addition,
from the authors’ best knowledge, works explaining the
influence of negative sequence current generation following
the recently published IEEE 2800-2022 standard [14] on
distance protection have not yet been reported.

Other literature gaps can be identified when the impact
of IBRs on directional and phase-selection functions is
considered [6]–[9]. Most works either focus on directional
functions only [6], [7] or the phase-selection methods [8], [9].

Aiming to fill the abovementioned literature gaps, this
paper presents an EMT-based study that explains how
the IEEE 2800-2022 standard influences the operation
of IBRs and, consequently, the protection performance.
Full-Converter Wind Generators (FCWG) are simulated
to assess seven protection functions often applied in
commercial relays, namely: 1) Self-polarized distance
protection, 2) Memory-polarized distance protection, 3)
Memory-Cross-polarized distance protection, 4) Negative
sequence-based directional function, 5) Zero sequence-based
directional function, 6) Incremental phasor-based
phase-selection function, and 7) Current angle-based
phase-selection function. In summary, the paper intends to
answer the question: "How do advances in standardizations
of IBR controls, such as IEEE 2800-2022 [14], favor the
operation of conventional protection functions?".

Several EMT simulations are carried out in the PSCAD
environment to emulate fault scenarios in a transmission
system that interconnects IBRs to a synchronous power
grid. The impacts of outdated and recent grid codes for
IBR controls on protection functions are compared, both by
simulations and by tests on a commercial relay, proving the
mitigation of problems when recent standardized requirements
are considered. Moreover, technical explanations are provided
for such improvements, highlighting the benefits of the new
grid code requirements.



II. ADVANCES IN STANDARDS FOR INVERTER-BASED
RESOURCE CONTROLS

Among the IBR operational features that can affect
conventional protection functions, the low fault contribution
levels and the diversity of inverter control strategies stand out
[15]. The fault current limitation (typically not exceeding 1.2
p.u. [15]) is justified by the thermal restrictions of the inverters.
Thus, since it is necessary to safeguard the inverter elements,
modifications in such a feature are commonly not considered
in the control context. On the other hand, inverter control
methodologies have evolved over the years, such that several
studies have focused on solutions to minimize the impacts of
IBRs on existing protections.

This paper considers two control groups (shown in Fig. 1)
to highlight the implications of IBR control advances:

• Group 1 Controls (G1C): represent the first strategies
that emerged, based only on positive sequence
components, also called Coupled Sequence Controls
[16]. The most striking feature of such a control group
is the suppression of negative sequence currents, even
for asymmetrical disturbances. Moreover, in this control
type, active and reactive power are regulated based
on simple voltage controllers at the DC link and the
coupling point, respectively [17].

• Group 2 Controls (G2C): represent the most recent
strategies, compliant with IEEE 2800-2022 [14], injecting
additional levels of reactive current after the fault
detection, being such injection dictated by the voltage
variation measured at the IBR coupling point [18]. In this
strategy, negative sequence currents are also provided,
injected with levels proportional to the measured negative
sequence voltages, and leading such voltages by a phase
angle between 90 and 100 degrees [14]. To do so, another
control scheme known as Decoupled Sequence Control
is used [16]. Besides providing reactive support to the
grid under disturbance conditions, the new grid codes
aim to make the IBR positive and negative sequence

Power

System 

Measurem.

ABC -> DQ

Transformations

(+)

Link DC 

Voltage

Control

-1

0

0

AC Voltage

Control

Grid Code

Voltage

Support

Vabc

Vdc

IBR

GRID

+

-

Vdq(+)

Fault Detection

Idq(+)

Vdq(-)

Idq(-)

Idref(+)

Idref(-)

Iqref(-)

Iqref(+)

PLL

Iabc

Vdc

θ 

Positive

Sequence

Control

θ 

- θ 

+

+

Vabcref(+)

Pulse

Generation

Negative

Sequence

Control

Vabcref(-)

ABC -> DQ

Transformations

(-)

Ineg = K.Vneg

Fault Detection

Idref(-)

Fault Detection

Iqref(-)

Fig. 1. Schematic of the considered inverter control methodologies (G2C
innovations highlighted in red).

impedances (during faults) more similar to those of
conventional synchronous generators. These principles
have been considered for protection design purposes since
the early stages of electrical power systems.

Fig. 1 illustrates a schematic of G1C and G2C, with G2C
innovations [14] highlighted in red.

III. TEST SYSTEM FOR THE STUDIES

The influence of grid codes on the behavior of IBRs
during faults can be verified in both steady-state and transient
conditions. In this sense, several important aspects of IBR
responses cannot be analyzed through classical phasor-domain
fault simulations, so the use of EMT for detailed protection
studies in the presence of IBRs has been considered essential
[19]. With that, the PSCAD platform is used in this paper to
model the test system shown in Fig. 2. Table I shows the test
system parameters.

In this context, the modeling of FCWGs for the studies
in this paper is in line with the topologies already widely
reported and consolidated in the literature [20], [21]. The
inverter controls were adjusted as described in [22], with
adaptations based on [14], [16] to ensure compliance with
the requirements of the IEEE 2800-2022 standard (see Fig.
1). The DC link consists of a 0.015 Farad capacitor with a
nominal voltage of 1450 V. The coupling choke circuit has a
resistance of 0.003 p.u. and an inductance of 0.15 p.u. at the
machine base, and the RC output filter has a power of 120
kvar. The Chopper circuit was designed to operate when the
DC link voltage exceeds 1.15 p.u.. It is disabled when this
voltage reaches values below 1.05 p.u.. The nominal data for
the permanent magnet synchronous generators are: Sn = 1.5
MVA; Vn = 690 V; Rs = 0.0017 p.u.; Xl = 0.0364 p.u.; Xd =
0.55 p.u.; Rkd = 0.055 p.u.; Xkd = 0.62 p.u.; Xq = 1.11 p.u.;
Rkq = 0.183 p.u.; Xkq = 1.175 p.u..
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Fig. 2. Test system single-line diagram.

TABLE I
TEST SYSTEM PARAMETERS.

Parameters Values

Source 1
Vs1 = 490.196 ̸ 0° kV
R+/0 = 3.941 / 13.878 Ω
L+/0 = 114.901 / 229.827 mH

Source 2
Vs2 = 480.392 ̸ 15° kV
R+/0 = 4.970 / 1.008 Ω
L+/0 = 1079.09 / 255.47 mH

Transformer Dyn11 (34.5 – 0.575 kV) 1.75 MVA - Z = 6%
Transformer YNd1 (138 - 34.5 kV) 90 MVA - Z = 10%
Transformer YNyn0 (500 – 138 kV) 250 MVA - Z = 10%

Lines 1-2 and 2-3
R+/0 = 0.017 / 0.331 Ω/km
L+/0 = 0.839 / 2.382 mH/km
C+/0 = 0.0137 / 0.0082 µF/km



In the test system, the active and reactive powers supplied
by the FCWG to the grid are controlled at 220.5 MW and
0 var, respectively. For the sake of comparison, G1C and G2C
are considered during the studied EMT simulations.

In the proposed investigations, short-circuits on both lines
1-2 and 2-3 are simulated, varying the type (AG, BG, CG,
AB, BC, CA, ABG, BCG, CAG, and ABC), fault resistance
between phases (Rph equal to 0, 1, 1.5, and 2.5 Ω) and to the
ground (Rg equal to 0, 25, 50, and 100 Ω), inception angle (0°
and 90°), and fault location (faults on Line 1-2, from 0% to
100% with steps of 10%, being 0% the point P1, and on Line
2-3 at 5% and 50%, being 0% the bus 2). Thus, considering
the different FCWG controls, 8320 scenarios are evaluated.

In all simulations, currents and voltages are obtained from
current and potential transformers installed at points P1 and
P2 (see Fig. 2), whose transformation ratios are 60 and
4500, respectively. The signals are processed by 3rd order
anti-aliasing filters with a cutoff frequency of 180 Hz. Further
details on the protections are provided in the next sections.

IV. INFLUENCE OF IEEE 2800-2022 ON DIRECTIONAL
AND PHASE-SELECTION FUNCTIONS

In this section, the EMT simulations are used to quantify
the number of operations of 1) Negative sequence-based and
2) Zero sequence-based directional functions, 3) Incremental
phasor-based, and 4) Current angle-based phase-selection
functions. The decision-making procedures are carried out
from quantities measured 100 ms after the fault inception,
encompassing the response time of the FCWG controls,
typically on the order of 50 ms [14]. Furthermore, to facilitate
the analysis of contributions that come from conventional
generation (at P2) and IBRs (at P1), only faults on Line 1-2
(a total of 7040 scenarios) are evaluated in the section.

A. Negative Sequence-Based Directional Function

1) Function Modeling Considerations [23], [24]: In the
assessed algorithm, a scalar value Z2 is calculated [23]:

Z2 =
Re[

−→
V2 · (1 ̸ θL1 ·

−→
I2)

∗]

|
−→
I2 |2

, (1)

being
−→
V2 and

−→
I2 are the negative-sequence voltage and current

phasors, respectively, and θL1 is the TL positive-sequence
impedance angle. This directional element declares a forward
fault when the value of Z2 is smaller than a direct threshold
(Z2F), which is typically set as half the positive sequence
impedance of the protected TL. On the other hand, a reverse
fault is declared when Z2 presents values higher than a reverse
threshold (Z2R), typically set as Z2F plus an impedance of
0.2 Ω [23]. There are also some restrictions for the operation
of this directional element regarding the negative sequence
current levels, i.e., 3|

−→
I2 | > 0.25|

−→
I nominal| according to

[24]. For the quantitative analysis, the typical thresholds and
restrictions are considered.

2) Quantitative Analysis Results: Fig. 3 illustrates
the success rates of the evaluated negative sequence
impedance-based directional function for Phase-to-Ground
(PG), Phase-to-Phase (PP), and Phase-to-Phase-to-Ground

PG PP PPG

Fault Type

(a) (b)

0
10

20
30
40
50

60
70
80

90
100

%
o

f
c
o

rr
e

c
t
o

p
e

ra
ti
o

n
s

PG PP PPG

Fault Type

0
10

20
30
40
50

60
70
80

90
100

%
 o

f 
c
o

rr
e

c
t 

o
p

e
ra

ti
o

n
s

G1C

G2C

G1C

G2C

Fig. 3. Negative sequence impedance-based directional function performance
by fault type, considering measurements at (a) P1 and (b) P2.

(PPG) fault types. Both G1C and G2C are considered, and
measurements from points P1 (wind power plant side) and
P2 (grid side) are evaluated.

It is noticed that the suppression of negative sequence
currents (as occurs for G1C) results in reliability problems on
the directional function applied at point P1 (IBR side). Indeed,
in all analyzed scenarios, the directional element is blocked at
P1 when G1C is used, whereas it properly operates at point
P2 (grid side). On the other hand, applying G2C, 100% of
correct operations are verified for PP and PPG fault cases and
90% for PG cases. Regarding the PG cases, it is important to
clarify that errors were verified only for high fault resistance
cases. In these scenarios, the negative sequence voltages are
reduced during the fault, leading the control to inject minimal
levels of negative-sequence currents.

For the point P2 measurements, regardless of the adopted
control, correct operations of the directional function shown
in (1) are verified since the current contributions measured at
such a terminal originate from conventional generations.

B. Zero Sequence-Based Directional Function

1) Function Modeling Considerations [24]: Basically, a
scalar value Z0 is calculated [24] using:

Z0 =
Re[3

−→
V0 · (1 ̸ θL0 · 3

−→
I0)

∗]

|
−→
3I0|2

, (2)

where
−→
V0 and

−→
I0 are the zero-sequence voltage and current

phasors, respectively, and θL0 is the TL zero-sequence
impedance angle. This directional element operates
analogously to the presented negative-sequence element.
It declares a forward fault when the value of Z0 is smaller
than a direct threshold (Z0F), typically set as half the
zero-sequence impedance of the protected TL. On the other
hand, a reverse fault is declared when Z0 reaches levels higher
than a reverse threshold (Z0R), which is, in turn, typically
set as Z0F plus an impedance of 0.2 Ω [24]. Similarly to
the negative-sequence element, there are also restrictions to
apply for zero-sequence directional protection, which regard
the zero sequence current levels, i.e., 3

−→
I0 > 0.5

−→
I nominal

according to [24]. For the quantitative analysis, the typical
thresholds and restrictions are applied.

2) Quantitative Analysis Results: Fig. 4 depicts the zero
sequence impedance-based directional function percentages of
correct operations for PG and PPG faults. G1C and G2C are
considered, evaluating measurements from points P1 and P2.

The results show that regardless of the FCWG control
type and considered measurement point, the zero-sequence
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Fig. 4. Zero sequence impedance-based directional function performance by
fault type, considering measurements at (a) P1 and (b) P2.

impedance-based directional function satisfactorily operated
for all faults involving the ground. It occurs because
high zero sequence contributions are verified at both P1
and P2 points, being independent of the wind power
plant generation characteristics. Indeed, the zero sequence
contributions measured at point P1 originate from the grid
(not from the IBR), returning through the grounded neutral
point of YNyn0 transformer.

C. Incremental Phasor-Based Phase-Selection Function

1) Function Modeling Considerations [25], [26]: The
algorithm is based on the calculation of three incremental
torques [25], which are given by:

∆Tab = Re[∆
−→
Vab · (1̸ θL1 ·∆

−→
Iab)

∗] , (3)

∆Tbc = Re[∆
−→
Vbc · (1 ̸ θL1 ·∆

−→
Ibc)

∗] , (4)

∆Tca = Re[∆
−→
Vca · (1 ̸ θL1 ·∆

−→
Ica)

∗] , (5)

where ∆
−→
Vab, ∆

−→
Vbc and ∆

−→
Vca are incremental voltage phasors,

∆
−→
Iab, ∆

−→
Ibc and ∆

−→
Ica are incremental current phasors, and θL1

is the TL positive sequence impedance angle. The incremental
voltage and current phasors are usually obtained by subtracting
the fault quantities from the pre-fault ones [26].

For the faulty phase selection, the relations shown in Table II
are assumed for the proposed quantitative study [25]. For each
fault type, ∆Tab, ∆Tbc, and ∆Tca are normalized by the
maximum value between them and compared to the parameters
Lup, Lint, and Llow, representing the algorithm sensitivity
thresholds. Here, Lup = 0.7, Lint = 0.5, and Llow = 0.35 are
used. Finally, scenarios that do not meet any of the relations
shown in Table II are classified as "Not Classified" (NC).

2) Quantitative Analysis Results: Firstly, it is worth
mentioning that, at point P2 (see Fig. 2), regardless of
the FCWG control, the phase selection was satisfactory for
100% of the evaluated scenarios. Indeed, at this terminal, the
measured current contributions originate from conventional
generations, and this phase-selection function was originally

TABLE II
PHASE-SELECTION METHODOLOGY.

Fault Type ∆Tab ∆Tbc ∆Tca

AG > Lup < Llow > Lup

BG > Lup > Lup < Llow

CG < Llow > Lup > Lup

AB / ABG > Lup < Lint < Lint

BC / BCG < Lint > Lup < Lint

CA / CAG < Lint < Lint > Lup

ABC > Lup > Lup > Lup
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Fig. 5. Incremental phasors-based phase-selection function performance, by
fault type, for measurements at P1, and considering (a) G1C and (b) G2C.

designed considering the characteristics of these generators.
Thus, the results at this terminal are not detailed. On
the other hand, considering measurements from point P1,
phase-selection issues take place, being the percentages of
correct operations illustrated in Figs. 5-a and 5-b for control
groups G1C and G2C, respectively.

As shown in Fig. 5-a, for G1C, the higher percentage of
correct answers (75%) was obtained for three-phase faults, in
which only positive sequence components are generated. As
a result, the G1C presents satisfactory results. However, for
single-phase faults, it can be seen that about 65% are classified
as PP/PPG faults and 25% as NC. For two-phase faults, about
73% are classified as three-phase. The suppression of negative
sequence components mainly justifies the low percentage of
correct phase selections when considering the G1C.

Analyzing Fig. 5-b, which regards the G2C, the benefits
of advances in IBR grid codes become evident since the
average percentage of correct operations for single-phase
and two-phase faults increased from 9.94% and 15.1%
(considering G1C) to 68.56% and 95.31% (considering G2C),
respectively. Even for three-phase faults, an improvement was
noticed, as the percentage of correct operations was increased
from 75% to 100%. Therefore, G2C led the incremental
phasor-based phase-selection function to perform better since
the positive and negative sequence impedances of FCWG
during faults tend to present characteristics closer to those of
conventional generators.

D. Current Angle-Based Phase-Selection Function

1) Function Modeling Considerations [27], [28]: The
main current angle-based phase-selection functions have their
operation defined, as depicted in Fig. 6. When the angular
difference between the negative and zero sequence currents is
in the regions of Fig. 6-a, the decision for the PG or PPG fault
types is made based on the lowest mho element (PG or PP)
calculated reach [27], [28]. On the other hand, for the cases
where the angular difference is in the regions of Fig. 6-b, the
decision-making is based on the calculations of the PG and PP
distance element resistances, selecting the one with the lowest
resistance estimation [27], [28].

In addition, in [28], checking the levels of negative and zero
sequence currents is recommended before analyzing the phase
angle information for decision-making. Thus, in this paper,
aiming to guarantee a realistic and reliable implementation
of the current angle-based phase-selection function, the same
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Fig. 7. Current angle-based phase-selection function performance, by fault
type, for measurements at P1, and considering (a) G1C and (b) G2C.

thresholds applied to the directional functions based on the
negative and zero sequence impedances are considered [24].

2) Quantitative Analysis Results: Starting with the results,
Fig. 7 illustrates the percentages of correct operations for all
fault types, with measurements at P1, considering G1C (Fig.
7-a) and G2C (Fig. 7-b).

By analyzing the results of Fig. 7, it is observed that
the suppression of the negative sequence current when G1C
has used results in blocking the current angle phase-selection
function by the current level restriction 3

−→
I2 > 0.25

−→
I nominal.

However, considering G2C, average success rates of 88.44%
and 81.34% for single-phase and two-phase faults were
obtained, respectively, proving the positive impacts of recent
advances in the standardization of IBRs controls in the context
of phase selection procedures.

Finally, it is important to point out that, again, for the
measurements taken from point P2, a success rate of 100%
was obtained because current contributions are from the grid.
Hence, no issues are verified in the phase-selection algorithm,
irrespective of the used FCWG control type.

V. INFLUENCE OF IEEE 2800-2022 ON DISTANCE
PROTECTION

This section performs a quantitative analysis of
the operation of self-polarized, memory-polarized, and
memory-cross-polarized Mho distance protection functions.

A. Distance Function Modeling Considerations

The operations of distance protection algorithms are based
on the calculation of operating (

−→
Vop) and polarizing (

−−→
Vpol)

quantities, as shown in Table III for the AG and AB loops
[29]. The same equations can be adapted for the other fault
loops by substituting the faulted phases [29]. In Table III, ZR

is the protection zone impedance reach;
−→
IA,

−→
IB , and

−→
I0 are

the phasors of phase A, phase B, and zero-sequence currents,
respectively;

−→
VA,

−→
VB , and

−→
VC are the voltage phasors; k0 is the

zero-sequence compensation factor, being the subscript _M
used to denote the memorized quantities.

The phase comparator theory is applied in this paper.
Hence, an angle α (called phase comparator) is calculated as
the angular difference between the operation and polarizing
quantities. Therefore, the distance protection is programmed to
identify a fault in a given protection zone when it’s respective
α is between ±90◦.

B. Quantitative and Theoretical Studies

For the evaluated distance functions, a protection zone with
a reach of 75% of the TL positive sequence impedance is
considered. Moreover, an intentional delay of 50 ms is applied
to encompass the response time of FCWG controls [14].
Faults on lines 1-2 and 2-3 are evaluated, and operations of
distance functions are monitored over a total fault period of
150 ms. The memory filter described in [30] reproduces the
memorized voltages. Thus, three possible classifications are
defined for the quantitative analyses: 1) Correct Operations:
the protection operates for faults within the zone 1 range or
not for defects outside zone 1; 2) Incorrect Operations (Missed
Trips): scenarios where there is no protection operation for
faults within the zone 1; and 3) Incorrect Operations (Undue
Trips): scenarios in which there is a protection operation for
faults outside zone 1.

The obtained results considering the 8320 scenarios
simulated in PSCAD are illustrated in Figs. 8 and 9, for
measurements taken at points P2 and P1, respectively.

Considering measurements at P2 (Fig. 8), i.e., at the grid
side, in 84.61% of cases, the fault current contributions come
from conventional generators (except for Line 2-3 faults).
Hence, the reduced percentages of correct operations obtained
for single-phase faults are expected, for which higher fault
resistances are simulated since the Mho regions have a reduced
resistive reach, which varies proportionally with the reactive
reach [29]. However, as this paper focuses on the influence of
different IBR control groups on protection performance, it is
clear that, for single-phase faults, the adopted controls had no

TABLE III
OPERATING AND POLARIZING QUANTITIES (AG AND AB FAULT LOOPS).

Self-Polarized Distance Function

Fault Loop
−→
Vop

−−→
Vpol

AG ZR · (
−→
IA + k0 ·

−→
I0)−

−→
VA

−→
VA

AB ZR · (
−→
IA −

−→
IB)− (

−→
VA −

−→
VB) (

−→
VA −

−→
VB)

Memory-Polarized Distance Function

Fault Loop
−→
Vop

−−→
Vpol

AG ZR · (
−→
IA + k0 ·

−→
I0)−

−→
VA

−−−−→
VA_M

AB ZR · (
−→
IA −

−→
IB)− (

−→
VA −

−→
VB) (

−→
VA −

−→
VB)_M

Memory-Cross-Polarized Distance Function

Fault Loop
−→
Vop

−−→
Vpol

AG ZR · (
−→
IA + k0 ·

−→
I0)−

−→
VA j(

−→
VB −

−→
VC)_M

AB ZR · (
−→
IA −

−→
IB)− (

−→
VA −

−→
VB) −j

−−−−→
VC_M
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Fig. 8. Operating percentages for (a) self-polarized, (b) memory-polarized,
and (c) memory-cross-polarized distance protections, considering both control
groups and measurements at P2.

significant impact on the obtained percentages. For two-phase
and three-phase faults, in turn, the rate of incorrect operations
by undue trips (observed in Line 2-3 fault scenarios) was
almost completely eliminated when using G2C. Moreover, it is
possible to notice a higher percentage of correct operations for
the memory-polarized and memory-cross-polarized functions
for all considered fault types and IBR controls.

Analyzing the results obtained for measurements at P1
(Fig. 9), it is noticed that reduced percentages of correct
operations occur for single-phase faults, which the use of
the Mho characteristic can justify. It is also observed that
the adopted IBR controls had no significant influence on the
percentages obtained for this fault type. It is valid because
zero-sequence-dominated currents occur for PG loops (see
Table III). Thus, since zero-sequence currents measured at P1
come from the grid, they have higher magnitudes than IBR
phase contributions, such that, for single-phase faults, the IBR
controls do not significantly influence the protection.

For the other fault types (PP, PPG, and PPP), considering
firstly the self-polarized distance protection (Fig. 9-a), the
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Fig. 9. Operating percentages for (a) self-polarized, (b) memory-polarized,
and (c) memory-cross-polarized distance protections, considering both control
groups and measurements at P1.

percentages of incorrect operations by undue trips had an
average of 17.3% considering the G1C. In contrast, these
operation issues were almost completely eliminated when
considering the G2C. Thus, besides providing a slight increase
in the percentage of correct operations, the adoption of G2C
also improved protection security.

Fig. 10 illustrates the impedance trajectories obtained at P1,
considering G1C (Fig. 10-a) and G2C (Fig. 10-b) for internal
(50% of Line 1-2) and external (on Line 2-3 at 5%, being
0% the bus 2) AB faults, varying the fault resistance. These
figures show that different direction trends of the trajectory
shift with increasing fault resistance take place, depending on
the adopted controls. Using G1C, the Mho element is more
susceptible to undue trips. At the same time, it is closer to the
expected behavior for systems with conventional generators
(rightward shifts) when G2Cs are employed.

The results for two- and three-phase faults measured at
point P1 and assuming the memory-polarized distance function
(Fig. 9-b) were also evaluated. It can be seen that, besides
providing greater operational security (by eliminating incorrect
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Fig. 10. Impedance trajectories obtained for internal and external AB faults,
with fault resistance (Rph) variation and considering (a) G1C and (b) G2C.

operations by undue trips), the use of G2C allowed an increase
in correct operations of about 20% of PPG and PPP fault
cases, and of about 70% of PP fault scenarios, reaching
an average percentage of proper operations of about 93.3%.
The conclusions drawn for the memory-polarized function are
similar to the memory-cross-polarized distance function.

Fig. 11 shows the phase comparators obtained at P1, with
G1C (Fig. 11-a) and G2C (Fig. 11-b), for internal and external
AB faults, with fault resistance variation, considering the
memory-polarized element. G2C provided greater security and
stability to memory-polarized distance functions, especially for
faults inside the protected zone (shown in red in Fig. 11).

From the presented results, it is concluded that, in
general, G2C allows a safer operation for distance
protection, providing efficient support to memory-polarized
and memory-cross-polarized distance functions for PP, PPG,
and PPP faults. It occurs because the advances in the new
standards of IBR controls (such as the IEEE 2800-2022
[14]) focus mainly on emulating conventional synchronous
generations regarding the IBR positive and negative sequence
impedances under system disturbance conditions, which
improves the performance of traditional protection functions.

VI. COMMERCIAL RELAY TESTING

Aiming to validate all the protection functions modeled
for conducting the tests of this paper, besides using the
logic available in manufacturers’ commercial relay manuals,
practical validation tests were also performed with commercial
relays. To perform the practical tests, the COMTRADE files
were generated in the PSCAD software and reproduced in the
commercial relays using a test case, as illustrated in Fig. 12.

To exemplify the practical tests carried out, Fig. 13 shows
the response of the memory-polarized distance function of a
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Fig. 11. Obtained phase comparators for internal and external AB faults, with
fault resistance (Rph) variation and considering (a) G1C and (b) G2C.

commercial relay, for a bolted AB fault scenario, applied to
50% of Line 1-2 and considering both G1C and G2C. This
function was chosen for this demonstration, as it is among the
most widely used functions in line protection relays. For the
test, the measurements from point P1 (wind power plant side)
were considered and the settings adopted for the analyses of
Topic V were maintained, i.e., a protection zone covering 75%
of the TL impedance and a time delay of 50 ms.

Fig. 12. Testing Set.
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Fig. 13. Commercial Relay Testing: obtained results for AB faults at 50%
of Line 1-2 considering (a) G1C and (b) G2C.



According to Fig. 13 (a), considering the G1C firstly, it is
observed that there was no operation of the distance function
for the evaluated time since the phase comparator reaches
the operation region about 100 ms after the fault inception
instant (disregarding the stabilization time of the inverter
control response). When considering the G2C, Fig. 13 (b),
it can be observed that the phase comparator reaches the
operation region (about 40 ms after the fault incidence), and
the function operates after the function time delay since the
comparator remains in the operation region. As mentioned in
the discussions related to Fig. 11, this is one of the expected
behaviors as a benefit of employing the requirements of the
IEEE 2800-2022 standard in IBR controls.

VII. CONCLUSIONS

This paper presented an EMT-based study about the IEEE
2800-2022 standard benefits for seven transmission line
protection functionalities in the presence of IBRs. A total of
8320 fault scenarios were evaluated using the PSCAD software
and also employing practical tests with commercial relays. The
main findings include the following:

• The quantitative performance studies of the directional
protections show that the negative sequence-based
functions were significantly benefited by the requirements
of IEEE 2800-2022, while the zero sequence-based
functions continued to operate satisfactorily;

• For the incremental phasor-based phase-selection
function, the benefits of IEEE 2800-2022 were
evidenced by a significant increase in the success rate of
this function, especially for asymmetrical faults;

• Concerning the current angle-based phase-selection
function, the negative sequence injection required by
IEEE 2800 proved essential for a good performance;

• Regarding the distance protections, it was observed little
influence of the adopted controls for the single-phase
fault scenarios. However, for the other fault types, the
adoption of IEEE 2800-2022 requirements proved to be
indispensable to enhance the protection safety (reduction
of undue trips), in addition to a significant increase in the
percentage of correct operations. The memory-polarized
functions were the most benefited.
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