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Abstract—The large-scale penetration of inverter-based
resources in power systems has challenged protection engineers
because of the different fault behaviors these sources provide
compared to conventional generation systems. The main
challenges include a low level of fault current magnitude,
unpredictable angles of sequence currents, and lack of inertia
that can lead to maloperation of conventional phasor-based
protection elements. This paper presents a sensitivity analysis
of transmission line distance protection elements during
phase-to-ground and phase-to-phase faults for different inverter
controllers and power system conditions. It also summarizes
which line protection elements remain secure near IBR
terminations and identifies the ones affected by the inverter-based
response. The paper concludes by highlighting that regulating
negative-sequence current injection during the fault aids correct
protection decisions, but does not address the entire challenge.
Finally, alternative protection elements to those affected by the
inverter fault response are discussed.

Keywords—Transmission Lines, Distance Protection,

Inverter-Based Resources, Grid Following Inverters.

I. INTRODUCTION

HE large-scale penetration of Inverter-Based Resources
T(IBRS) in power grids challenges protection engineers
to apply secure and dependable protection schemes because
conventional protection algorithms were developed assuming
conventional sources like a Synchronous Generators (SG). In
conventional power systems, the fault behavior is predictable,
thus enabling the use of reliable polarizing quantities for
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protection elements. Recent publications regarding protecting
power systems with increased penetration of IBRs lists the
following items as current challenges [1], [2], [3], [4]:
incorrect operation in memory polarized distance elements
due to fast frequency excursion; negative-sequence-based
protection elements failure to pick up due to lack
of negative-sequence current and/or malfunction due to
unconventional negative-sequence current angle; Fault-Type
Identification (FID) logic based on sequence currents may fail
to correctly identify the fault type due to unconventional angle
of sequence currents; and distance protection elements failure
to pick up because the supervision logic is not fulfilled.

Solutions designed to overcome these challenges are mainly
focused on developing protection algorithms agnostic to
source nature feeding the fault [5], [6]. Other approaches
focus on time-domain distance and directional elements
by applying super-imposed quantities, thus isolating the
pure fault circuit [7]. Travelling wave-based methods also
offer an outlet for protecting lines fed by IBRs because
of their fast response when compared to IBR controllers
[8]. Additionally, time-domain distance protection based
on super-imposed quantities specially developed for lines
interconnecting inverter-based sources can also be used [9].

On the source side, the IEEE Std. 2800-2022 [10] provides
requirements for current injection for IBRs to make their fault
response more predictable. IEEE 2800-compliant inverters
benefit conventional phasor-based protection algorithms
because they enable consistent sequence network response.
Recent publications investigated this topic with promising
conclusions. In [11], the authors discuss the improvements
enabled in phasor and incremental quantities-based fault
selection logic when the IBR regulates negative-sequence
current injection during faults. In [12], the authors evaluate
the behavior of various protection functions (i.e., distance,
differential, directional elements, and FID logic based on
sequence currents) to different IBRs outer-loop and inner-loop
controller options. The main takeaway from these studies is
that negative-sequence regulation can improve the reliability
of phasor-based protection functions.

This paper is an extension of [4] and [12]. Our previous
work aimed to determine which IBR modeling aspects
impact the inverter fault response and their subsequent
effects on protection functions. [4] gives a perspective
from the IBR side, whereas [12] focus more on the
protection function point of view. In this work, we focus
on evaluating combinations of protection elements for an
enhanced protection scheme design for lines interfacing



inverters. The contributions are: 1) the analysis of three
sets combining different distance protection elements with
different supervising functions for a performance comparison;
2) the investigation of fault resistance effects in the
distance elements, highlighting the behavior of quadrilateral
characteristic with negative-sequence current polarization; 3)
observations regarding system nonhomogeneity and how it
is impacted by IBRs; 4) details on the behavior of the FID
logic regarding its operation alongside supervising elements;
5) insights regarding the supervision of impedance-based
directional elements and the impacts in their operation; and
6) effects of IBR current limiter priority during fault over the
resistive reach of mho phase elements. The outline of the paper
begins with Section II where we describe the power system
under study. Section III presents the modeling of the protection
elements evaluated in this paper. Section IV discusses the
case studies and results, and finally Section V presents the
conclusions.

II. POWER SYSTEM UNDER STUDY

Figure 1 presents the 57.1 kV power system under study
simulated in PSCAD/EMTDC. This system is based on
an existing transmission network in the United States. The
equivalent power system is connected to bus 1 through line
1. The equivalent grid is in parallel to a 6.9 kV 7.5 MVA
hydro turbine generator connected to the bus via a 57.1/6.9
kV 7.5 MVA Dynl power transformer. The line of interest for
the studies is line 2. R1 and R2 represent the relays protecting
the line. Bus 2 connects the 480 V 14 MVA IBR system to the
grid through a 57.1/0.48 kV 14 MVA Dynl power transformer.
The transformer TF2 connection is originally Dynl. However,
to study the behavior of ground faults in this system, the
connection was changed to YNdl to allow zero-sequence
current circulation behind relay R2. Table I presents the IBR
model parameters.

This work evaluates the protection response for the inverter
operating in Grid Following (GFL) mode. The primary DC
source is a Photovoltaic (PV) combined with a Battery Energy
Storage System (BESS). Table II lists the control options
for the GFL inverter. The inverter can have its outer-loop
controller set as either PQ dispatch or Vdc-Vac control. The
inner-loop current controller controls phase currents using
either dq or «f reference frames [13]. In addition, the
simulated IBR can regulate positive and negative sequence
currents in the dq frame in compliance with IEEE Std.
2800-2022 [10]. The different control options are varied
systematically using the Python automation library available
in PSCAD/EMTDC through the framework described in [4].
The IBRs controllers include current limiting logic consistent
with industry practices [1], [14]. The available options for
the current limiting logic is saturation or latching types.
Prioritization can be set to either g-axis or d-axis components
for phase and sequence inner-loop current controllers. And
a-axis or -axis priority for avf-domain controllers.

III. PROTECTION RELAY MODELLING

The transmission system under study is protected by a
line-differential scheme (87L) and distance elements. The

Equivalent Grid

Source Bus 1

Fig. 1: Power system under study.

TABLE I: EMT model parameters for the IBR.

Values
480 V, 60 Hz, 14 MVA
Vdc = 1200 V, fs = 5 kHz
Lf =15 uH, Lg = 1.5 uH, Cf = 280 uF

Inverter Parameters
Ratings (3¢)
DC side
LCL filter

TABLE II: Control options for GFL operating mode.

Controller Type
Outer Power Control
Active Power Reactive Power
Open-loop P dispatch Open-loop Q dispatch
Closed-loop P dispatch | Closed-loop Q dispatch
Vdc control Vac control

Inner Current Control

Phase currents in dq-domain
Phase currents in ab-domain
Sequence currents in dq-domain

analysis for the 87L presented in [12] proved the scheme’s
reliability, so this paper focuses only on the distance elements
and their supervising functions, such as directional elements.
The protection algorithms are developed using Matlab. The
algorithm reads COMTRADE files from PSCAD and outputs
the protection response of each element according to the
simulated scenario. The distance characteristics are described
in Sections III-A and III-B. The directional elements are
described in Section III-C, and the FID logic in Section III-D.
The response of these protection elements against faults fed by
IBRs provides the basis for investigating how different controls
affect the relay response.

A. Memory Polarized Mho Distance Element

Figure 2 presents the positive-sequence memory polarized
mho element. The filter used for memory polarization is
presented in (1) [15]. Vi mem is the positive sequence voltage
with memory, V; is the positive sequence voltage, o is a
weighting factor that selects the amount of memory voltage
to be implemented, in our study « = 1/16 [16]. k is the
actual sample of the variables. The “m” equation, shown in
(2), is used to compute the distance to the fault. 1/7;, is the
transmission line positive-sequence angle. Table III expands
the V and I terms for two fault loops studied in this work (i.e.,
AG, and BC). The memory voltage, V1 yem, 1S also listed.

Vl,menL(k,) = Vl(k) - (]- - a) : Vl,menL(k—halfcycle) (D

RE[V ’ ‘/lfmem]
Re[1/Zyg, - I - Vf"mem]

(€2) 2)

m =

TABLE III: Mho element operating and polarizing quantities

Fault LOOp A% I Vl,nLeTrL
AG VA IA + kO . IR VAl mem
BC VB — VC IB — IC VBC’,I’me’m
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Fig. 2: Memory polarized mho element.

This approach is available in commercial relays [17], and
it achieves economy in computer processing by mapping the
points of a mho circle onto a unique point in a line equivalent
to the zone reach [18].

B. Quadrilateral Characteristic

The quadrilateral characteristic, shown in Figure 3, uses four
comparators to detect a fault: the reactance element, the fault
resistance blinders, and directional supervision. The reactance
element uses (3) to estimate the fault distance from the relay
location for ground and phase faults [19]. The V and I terms
are the same as for the mho element.

- Im[V~(IpOL~1AT)*]
B Im[lZZlL -1 (IPOL . 1ZT)*]

Ipoy is the polarizing current for the reactance element. It
can be either I, or I for ground faults, and I, for phase faults.
These currents are used because they better approximate the
total fault current angle. The tilting angle 7' compensates for
the effects of nonhomogeneous power systems. It is computed
using (4) for negative-sequence current polarization, following
the sequence network diagram shown in Figure 4 [20]. This
angle computes the phase shift between the polarizing and the
total fault current. Therefore, the effects of fault resistance
in systems with remote infeed are effectively removed from
the reactance element [21]. A similar analysis applies to the
zero-sequence current polarization.

(€2) 3)

Zas + Zor + Zar
(L=m) - Zor + Zar
The fault resistance for phase-to-ground faults is estimated

using (5) [22]. For phase-to-phase faults, the relay uses (6)
[19].

T =arg } (°) “4)

Rf = ImVy - (1/Zyr, - (Ip + ko - IRr))*]
Im[3 (I + Io)(1£Z11 - (Iy + ko - Ir))*]

@) ©®

Rf = Im[Vyg - (12211 - (Ipg))*]
Im[(j-2V3- 1) - (14 Z11 - (Ipe))*]
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C. Directional Elements

This work evaluates the zero-sequence (32V) and
negative-sequence (32Q and 32QG) voltage polarized
directional elements. The 32V and 32QG elements supervise
the ground distance elements, and the 32Q supervises phase
distance elements. The zero-sequence directional element uses

Reactance

w [_/ element
Resistance -
blinder
o~ )
Resistance
blinder

Directional‘ E(Q)
supervision

Fig. 3: Quadrilateral characteristic.

Relay IZFT
Zss mZy, |(1—m)Zy | Zar
Tos

I ZFT

Fig. 4: Negative-sequence network.

(7) to estimate the effective equivalent impedance the relay

sees. The negative-sequence directional element uses (8) [23].

RG[-?)‘/Q . (3[0 . IZZOL)*]
310 /2

20 = (€) (7
R@[‘/Q . (IQ . 1121[,)*]
|12[?

The estimated impedances are compared against forward
and reverse dynamic thresholds to determine fault direction.
For instance, if z2 < Z2FTH, the 32Q or 32QG elements
declare a forward fault. If z2 > Z2RTH, the element declares
a reverse fault. A similar analysis applies to the 32V element.
Z2FTH is computed using (9), and Z2RTH is computed using
(10) [17]. Z2F and Z2R are coefficients set in the relay for
forward and reverse faults, respectively.

22 = () ®)

2
Z9FTH = 0.75 - Z2F — (0.25 : ’%D if Z2F <0
2
Z9FTH = 1.25- Z2F — (0.25 : ‘%D if Z2F >0
)
2
Z9RTH = 0.75 - Z2R + (0.25 : ’%’) if Z2R>0
Vap
Z9RTH = 1.25 - Z2R + (0.25. ’E ) if Z2R <0
(10)

D. Fault-Identification Logic

The FID logic monitors the angle difference between the
negative and zero-sequence current in the phase A reference
frame [24]. It compares three separate regions, each of 60
degrees, to classify the phases involved in phase-to-ground
and double-line-to-ground faults, as shown in Figure 5. Once
the faulted phases have been identified, the logic selects
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Fig. 5: FID logic.

the fault loop with the smaller estimated reach using the
mho element to differentiate between double-line-to-ground
and single-line-to-ground faults. For example, the fault loop
centered on 0 degrees can either be an AG or BCG fault. if
the AG fault loop shows a smaller effective reach, the fault
is identified as AG. If the BC loop has a smaller effective
impedance, the fault is identified as BCG. This, in turn,
determines the distance element to enable.

E. Zone 1 schematic diagram

Figure 6 presents a diagram for the zone 1 element for
AG faults using the quadrilateral and the mho characteristics.
A similar diagram applies to other fault loops and zone 2
elements. The operation criteria for the quadrilateral element
are: the estimated reactance, X s¢, needs to be below its
threshold, and the estimated fault resistance Ry needs to be
between the resistive blinders (i.e., —Rset < Rrp < Rget).
The directional element declares forward fault by asserting
the 32GF bit using either the 32V or 32QG elements, and
the FID logic enables the AG loop to operate using Fgyq = 1.
Similarly, the mho element compares the fault reach estimation
with the zone 1 threshold (i.e., mAG1 < Z1,.).

IV. CASE STUDIES AND RESULTS

In [12], the response of mho distance elements to
ground faults is not impacted by different types of current
controllers from the IBRs. The elements that rely on the
negative-sequence current (i.e., reactance element for ground
and phase faults, 32Q directional element, and FID logic) can
be used reliably only if the IBR regulates negative-sequence
current injection in compliance with IEEE Std. 2800-2022
[10] or a similar requirement stipulating magnitude and
angle ranges for the negative sequence current. Despite these
promising conclusions, the cases presented in that work
considered only bolted faults. This work considers additional
cases not covered in [12] to extend the analysis on the
limitations of distance elements when protecting lines supplied
by IBRs. Table IV describes the evaluated scenarios, resulting
in a total of 198 cases.

A. Effects of resistive faults seen by distance elements

The case study considers phase-A-to-ground faults with
fault resistance values ranging from 0 to 10 2 in steps of
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Fig. 6: Zone 1 schematic diagram for AG faults.

1 © with the following fault locations: 5, 50, and 80 % of
the line relative to Bus 2. Table V presents three different
combinations of protection elements for the analysis.

From the total of 198 cases, 67% of the cases did not result
in a relay operation because of lacking negative-sequence
current supplied by the inverter. Effectively, the relay
could detect faults in the remaining 33 % of the cases,
where the inverter regulates positive and negative-sequence
currents. Figure 7 presents a performance comparison of the
quadrilateral and mho distance elements for these remaining
cases considering the set combinations presented in Table V.
XAG1 and XAG?2 represent the quadrilateral element using
zone 1 and zone 2, and MAG1 and MAG?2 represent the mho
element using zone 1 and zone 2. In these results, correct
operations refer to the zone 1 or zone 2 pickup for faults
within the protection zone.

TABLE IV: Simulated conditions

TF2 connection
Power-flow (p.u.)
Power-control

YNdI1 (YN winding facing the system)
P =0.25,Q =0.0.

PQ dispatch

1 - phase currents in dq-domain

2 - phase currents in /3 domain

3 - sequence currents in dq-domain

1 - Saturation q axis

2 - Saturation (af3)

Inner current control

Current limiting logic

1-0.05
Faut location (p.u.) 2-05

3-0.8
Fault resistance (£2) 0 to 10 in steps of 1
Hydro operation é : gg

TABLE V: Protection Elements Combination.

Protection

F . Set 1 Set 2 Set 3
unctions
1 - 10 polarized 1 - 12 polarized 1 - 12 polarized
Distance quad element quad element quad element
Element 2 - Vlimem 2 - Vlimem 2 - Vimem
polarized mho polarized mho polarized mho
]Sjlremf"?al 1-32V element | 1-32QG element | 1 - 32V element
upervision
FID logic 1 - Sequence currents-based FID
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Fig. 7: Percentage of correct quadrilateral and mho element
responses during resistive faults - set 2 gives 0%.

The following conclusions can be drawn: considering the
three sets of elements available in Table V, zone 1 of distance
protection for both mho and quadrilateral elements could cover
a similar number of cases. The quadrilateral characteristic
with I polarization resulted in fewer operations when the
hydro plant was offline. The mho element covered more fault
resistance than the quadrilateral element in zone 2, and the
distance elements did not operate when they were supervised
by the 32QG directional element (i.e., set 2 in Table V), this
is explained in Section IV-D. Further explanation is provided
in the next sections.

B. Distance Elements

The quadrilateral characteristic operation is influenced by its
polarizing current. This element has a more reliable behavior
using zero-sequence current polarization. Notice in Figure
7a that X AG1l,e operate for the same amount of cases
considering the Hydro plant on or off, whereas X AG1get3
have a reduced number of operations when the Hydro is off.

Another reason affecting the quadrilateral characteristic with
Ipor, = I is that when the fault resistance increases,
the effective impedance measured by the relay presents an
oscillatory behavior, as shown in Figure 8 for an AG fault
with Rf = 1.14 Q,sec (i.e., 5 € in primary values).
In this case, Potential Transformer Ratio (PTR) = 350
and Current Transformer Ratio (CTR) = 80. Due to fault
resistance overestimation, a phenomenon caused by the fault
resistance value and the magnitude of the short-circuit current
contribution from the local and remote infeed [25], the relay
would not detect the fault. However, in longer lines with
an increased resistive reach, the relay may show an insecure
behavior caused by the oscillations in the reactance reach.

4 _ZIL
——Quad
3 -6—Xag

0 7
0 5 10
R ()
Fig. 8: Quadrilateral characteristic - AG fault, Rf = 1.14 Q, sec.

In addition, for lines fed by IBRs, there is no straightforward
way to set the tilt angle for the reactance element using (4),
since the local negative-sequence source impedance (i.e., Z2g)
for the IBR end is unpredictable and may vary during the fault.
Moreover, such characteristics can cause additional errors in
the effective impedance measurement, leading to unsecured
behaviors.

The mho element response for ground faults was reliable.
The only limitation is the inherent limited resistive reach in
the element. Still, it covered more cases than the quadrilateral
characteristic, as shown in Figure 7.

C. Sequence currents-based FID logic response

The FID logic is only effective if the power transformer
behind the relay provides a zero-sequence current path and if
the IBR regulates I injection in compliance with IEEE Std.
2800-2022. Figure 9 presents the logic’s response comparing
the three different current controllers. A proper operation is
achieved with positive and negative-sequence current control,
see Figure 9a. Notice that the angle between Iy and I is
within the region between -30 and 30 degrees, therefore, a
phase-A-to-ground fault is correctly classified.

The FID logic response for the other current controllers
did not classify any fault loops because the negative-sequence
current level detector did not allow its operation. This current
level detector monitors the magnitude of |31 against forward
and reverse thresholds, 50F' P and 50R P, respectively. Figure
10 presents an example of an AG fault with the IBR controlling
phase currents in the dq-domain. In this case, |3/5| is higher
than the thresholds only for an initial transient period, which
is not long enough for the logic to operate.

D. Ground Directional Elements

The conclusions for the ground directional elements are:
the 32V element is reliable when a strong zero-sequence
current path exists behind the relay. IBRs do not provide
zero-sequence current to the grid. However, if a zero sequence
path exists due to the ground in the power transformer, it
allows zero-sequence current to circulate, and the 32V element
to operate, as shown in Figure 1la. The 32QG element
presents a proper fault signature with negative-sequence
current control. However, this element is supervised by
the zero-sequence restraining factor that monitors the ratio
|I2]/]1o| and compares against its threshold (i.e., k2 = 0.2).
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Fig. 9: FID logic response for different current controllers.

Cycles

Fig. 10: |3I;| current level detector.

This ratio was below its threshold for all the cases and blocked
the 32QG element operation, resulting in a 0% success rate.
Figure 11b presents an example of the 32QG failing to operate.

E. Extra Analysis for Phase Faults

The analysis for phase distance elements performed in [12]
proves that the quadrilateral characteristic highly depends on
the IBR current controllers since the element is polarized
using I». In addition, the mho characteristic for phase faults
has abnormal expansion caused by the IBR current limiters.
The mho circle exhibits large expansion and also rotates
depending on whether the IBR provides active or reactive
current during the fault (d-axis or g-axis priority). Figure 12
shows that the circle expands towards the imaginary axis if the
inverter provides reactive current, whereas it expands towards
the real axis if it provides active current. In both cases, the
relay tripped. However, when the circle expands towards the
real axis, it reduces fault resistance coverage since the circle
rotation limits the resistive reach to the right of the R-X plan.

If the 32Q element supervises the phase distance elements,
its operation relies on the negative-sequence current control.
Figure 13 presents the 32Q element behavior comparing the
phase currents control with the sequence current control, both
in the dgq-domain. The proper operation is obtained only for
the cases with sequence current control for the IBR to supply
negative sequence current with an appropriate phase angle
relationship. In this case, 224 < Z2FTH indicates a forward
fault.

V. CONCLUSIONS

This work presented a sensitivity analysis for the
operation of distance elements and their supervising functions
considering different IBR current controllers under different

20 v\ —2z0A
~ | —Z0FTH
S W\v/v ZORTH
-20
32GF
F32v
0 2 4 6 8 10 12

Cycles
(a) 32V - F32V indicates forward fault.

32GF
F32QG

0 2 4 6 8 10
Cycles
(b) 32QG - F32QG indicates forward fault..

12

Fig. 11: Ground directional elements operation.

fault conditions. The protection elements that have a reliable
response for the cases evaluated here include the Iy polarized
quadrilateral element for ground faults, the 32V directional
element, and the memory polarized mho element for ground
faults. Elements that rely on the negative-sequence current
behavior have an improved operation when the current
controllers from the inverters meet compliance with IEEE Std.
2800-2022. The mho phase distance elements have abnormal
circle expansion because of current limiters, and their resistive
coverage is reduced when the circle expands towards the
real axis. Recent research directions point to developing or
using protection elements that are agnostic to sources feeding
the fault. In addition, commercial relays have alternatives to
improve protection security.

It includes using self-polarized quadrilateral elements for
phase faults, but they come with the cost of being impacted
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Fig. 12: Mho phase element for different current priorities.
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Fig. 13: 32Q element behavior for different current controllers.

by load-flow conditions. The offset mho distance element
can be an alternative to the memory-polarized one for phase
and ground faults. Undervoltage-based FID is presented as an
alternative to the sequence currents FID logic [26]. Despite
these alternative recommendations, sensitivity analysis of these
elements is still needed to prove their security. This task is
included as the next step of this research.
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