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Abstract—For lines terminated by inverter based resour-
ces (IBRs), the performance of the legacy distance relay
could be affected by the characteristics of IBRs during faults.
Improved distance relays in the existing literature often rely
on communication from the remote end or specific IBR con-
trol strategies, limiting the compatibility of these relays. This
article proposes a distance protection method at the IBR
side of the line. First, the sequence equivalent circuits of
IBRs are treated as three unavailable boxes. Next, the pro-
posed method combines the information within multiple the
sequence networks, to accurately consider the impact of
fault resistance and remote end infeed current. Finally, the
unknown fault distance is analytically solved as a root of the
quadratic equation. The proposed method does not have
specific assumption on IBR control schemes, step-up trans-
former winding connections, or branches at the local bus,
and can therefore work in power systems with various grid
codes. Moreover, the proposed method is compatible with
present phasor data acquisition systems at local terminal
and does not require remote end information. Simulations,
hardware experiments and field data experiments demon-
strate the effectiveness of the proposed distance protection.

Index Terms—Distance relay, inverter based resources
(IBRs), inverter control schemes, line protection.

|. INTRODUCTION

ENEWABLES are typically connected to the power grid

in the form of inverter based resources (IBRs). The char-
acteristics of IBRs are quite different from those of synchronous
generators (SGs) [1]. As a result, for transmission lines termi-
nated by IBRs, line protection schemes encounter a series of
challenges [2]. Line protection includes overcurrent protection
[3], distance protection [4], [5], traveling wave-based protection
[6], [7], current differential protection [8], [9], dynamic state
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estimation-based protection [10], [11], pilot protection [12], and
so on. Among them, line distance protection is a widely applied
single-ended scheme and will be the focus of this article.

Recent studies evaluate the impact of IBRs on the line relay.
It has been shown that the current amplitude and phase angle
of IBR side is affected by low-voltage ride-through (LVRT)
scheme [13]. As a result, the weak-infeed and controlled source
feature [14] could cause malfunction of IBR side legacy distance
protection [15]. Furthermore, various control strategies of inverter
will also affect the effectiveness of relay and make protection
design more complicated [16], [17].

To overcome above challenges, various improved distance
relay schemes are proposed to mitigate the effect of IBRs. One
group of methods use information brought by the additional
measurements or communication. For example, a time domain
relay is proposed to achieve the source-independent distance
protection [18]. The method requires measurements with a high
sampling rate of tens of kHz to several MHz. In [19], a protec-
tion with an adaptive zone setting is proposed. The method uses
IBR operating parameters and remote end source impedance to
mitigate the impact of fault resistance. In [20], an adaptive dis-
tance relay is proposed using remote end source impedance.
These methods improve the reliability of distance protection;
however, extra measurement and communication hardware could
be required.

Therefore, researchers proposed another group of distance
protection schemes compatible with present data acquisition
(local terminal phasor measurements). These methods are based
on the assumptions on the specific control strategy of IBRs or
system topology, to simplify the equations during the faults. The
method in [21] assumes that the fault current is in phase with the
current at the relay location, in negative and zero sequence net-
works, respectively. However, this assumption depends on the
control strategy of IBRs. The method in [22] assumes that the
inverter control strategy eliminates the negative sequence cur-
rent. However, since IEEE Std 2800-2022 [17] suggests inject-
ing negative sequence current during asymmetric faults, the
reliability of the method is affected. For IBRs injecting negative
sequence current, reference [23] proposes a method applying
the negative sequence model to estimate fault location, but the
precision still depends on details of IBR control schemes. Active
control-based methods adjust the control scheme of IBRs during
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faults, to enable reliable operation of the legacy relays. For
example, references [24], [25] regulate the current phase angles
during faults, while method [26] injects specific harmonic cur-
rents by adjusting IBR control during faults, making legacy dis-
tance relay effective. Overall, the effectiveness of these improved
distance protection schemes typically relies on the specific control
strategy of IBRs.

In practical power systems, distance relay is typically deployed
without communication from the remote end. As a result, the
relay designs using remote end information [18], [19], [20] are
not quite attractive to field engineers. In addition, installed IBRs
have different control strategies for different manufactures and
grid codes. Sometimes, the detailed control strategies are even
not available for utilities. This means the IBR control strategies
may not fully meet the specific assumptions for distance relay
design [21], [22], [23]. In addition, adjusting IBR control strat-
egy of existing devices [24], [25], [26] is also difficult in prac-
tice. These facts could also cause applicability issues for these
distance relays in practice. As a result, there still exists a clear
research gap: how to design a distance relay that is compatible
with various IBR control strategies and grid codes, and at the
same time works with present data acquisition systems at the
local terminal.

To merge this research gap, this article proposes a line dis-
tance protection method at the IBR side of the line. The pro-
posed method only requires three phase voltage and current
phasor measurements at the local end, and is compatible with
various IBR control schemes. The proposed method carefully
considers the impact of IBRs and fault resistances on single
ended relay. Specifically, with accurate consideration of remote
end infeed when calculating the fault current, the fault distance
can be analytically estimated to ensure correct and fast operation
of distance relay. The main contributions of the article are sum-
marized as below

1) The proposed method fully adopts the information within
multiple sequence networks, and derives the analytical
expression of the fault distance as a root of the quadratic
equation, independent of infeed currents from the remote
end and fault resistances.

2) The proposed method adopts unavailable box models for
IBRs during derivation; therefore, it is compatible with
various IBR control schemes, grid codes, transformer
winding connections for different power systems.

3) The proposed method is only based on phasor measure-
ments at the local terminal before and during the fault,
and can be implemented using present data acquisition
in practice without communication from the remote end.

4) The proposed method demonstrates improved reliability
compared to existing distance protection schemes, with sim-
ulation, hardware experiments, and field data experiments.

The remainder of the article is organized below. Section I
presents the scheme of proposed distance protection. Section 11
demonstrates the reliability and compatibility of the proposed
method via simulation. Section 'V discusses the advantages of
the proposed method compared to existing ones with operating
scenarios. Sections V and VI present hardware and field data
experimental results. Section VII concludes the article.

IBR — . Power Grid
Plant AC bus G T : I, v H
= G LN
~ Distance Relay 7 I zZ, =
= of Interest Faultl 1 Ey

Fig. 1. Example transmission line system terminated by IBR.

Il. PRINCIPLE OF PROPOSED DISTANCE PROTECTION
A. Problem Statement

An example transmission system terminated by IBR is shown
in Fig. 1. The IBR is connected to the rest of the power grid
through a transmission line G-H, where m is the distance to fault
position. The figure shows a widely used A-YN connected step-
up transformer as an example, but the derivation is applicable to
transformers with other winding connections. The distance relay
of interest is the relay at terminal G, which should trip internal
faults within line GH.

Legacy distance protection issues trip signals by checking
whether the apparent impedance “seen” by the relay, i.e.,
Zopp = VGw / 1 Gg- enters the operating zone, where VG(/, and 1 Go
have different expressions for various fault types [1].

In some fault cases, the fault may have a nonnegligible fault
resistance Ry, causing a considerable voltage drop. As a result,
an additional apparent impedance will occur, jeopardizing the
performance of the distance relay [2]. For conventional grid that
both line ends are dominated by SGs, I Ge and I Fe are usually
with small phase angle differences [28]. Therefore, the addi-
tional apparent impedance contributed by the fault resistance is
almost resistive. In fact, legacy distance protection with quadri-
lateral operating zone is widely adopted, which improves the
robustness of the distance protection against the fault resistance
in conventional grids.

However, due to the week infeed characteristics of IBRs, the
grid side (the right side in Fig. 1) provides the majority of the
fault current /5. In addition, 1 Go and I Fe are typically not in
phase due to LVRT of IBRs [13]. As a result, the imaginary part
of additional apparent impedance caused by the fault resistance
could be huge [1], which could result in mal-operation of the
legacy distance relay at IBR side and affect the protection reli-
ability. Other relay designs such as memory-polarized relays
also face similar challenges [29].

B. Sequence Network and Fault Current Analysis

The positive, negative, and zero sequence networks are the
basis of fault analysis and protection design. The power grid
side, which is dominated by synchronous generators, can be
modelled as Thevenin equivalent circuits, with the constant volt-
age source for the positive sequence (Ej;) and constant impe-
dances for all three sequences (Zy, Zy», and Zy) [18].

However, the IBR models are much more complicated, and
are based on the control schemes and system topologies. For
example, the negative sequence of IBR can be modeled as an
open circuit when the control scheme completely suppresses the
negative sequence current [21], [22]. The negative sequence cur-
rent injection scheme will introduce an equivalent source in the
negative sequence network [23], [24]. Moreover, in typical
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Fig. 2. Sequence network models of the system with IBR.

scenarios where A-YN step-up transformers are adopted to pre-
vent overcurrent damage for IBRs during line faults, the zero
sequence equivalent circuit of IBR only includes the zero
sequence impedance of transformer [24]. In scenarios where
other transformer winding connections are utilized [30], the zero
sequence IBR model becomes more complicated. Finally, the
equivalent circuit is also different for grid following (GFL) and
grid forming (GFM) control schemes of IBR. The GFL inverter
typically presents current source characteristics [31], and the
GFM inverter usually presents voltage source characteristics
[32]. In fact, the detailed control schemes and topologies of IBR
are even unavailable for utilities in practice. These facts make
IBR difficult to be described with a model that is both generic
and accurate.

To address the above challenges, the IBR side can be viewed
as three “unavailable boxes” as shown in Fig. 2, where the sub-
scripts 1, 2, and O correspond to the positive, negative, and zero
sequence, respectively. The physical laws in sequence networks
in Fig. 2 are summarized below.

In the positive sequence network, the Kirchhoff’s voltage
laws (KVLs) before and during the fault are as follows:

{Vcl_pre =IG1_pemZiz — It _pre(1 = m)Zip + Zin) + Emn
Vo =IgimZi, — I (1 = m)Ziy + Zm) + Epy

(1)
where the variables with subscript “_pre” mean the quantities

before the fault occurs.
The difference between the two rows of (1) is

AV = AlgimZip — Al [(1 = m)Ziy + Zm] (2)

where AX =X —)?_pre, and X corresponds to the voltage and-
current phasors in Fig. 2.

Similarly, the Kirchhoff’s current laws (KCLs) before and
during the fault are as follows:

j re i re — 0
fe1p ~+ H1_p 3)
Igi +1y1 — 1 = 0.
The difference between the two rows of (3) is as follows:
Iry = Algy + Al . 4

Substitute (2) into (4) to eliminate Al ;. The expression of posi-
tive sequence fault current using local measurements is as follows:
Toy = —AVg +AlGi(ZiL+ Zim)
F1 = .
(1=m)Zi +Zm

&)

In the negative sequence network, the KVL of the entire net-
work and the KCL at the fault location during the fault are as
follows:

Voo = LeamZoy — I (1 = m)Zop, + Zpp) (6)

Iy +1m—1p = 0. @)

For typical power grids, the positive and negative sequence
impedances of the protected line and remote end system are
approximately equal [33], i.e. Z;;, = Z,; and Zy; = Zyp». Sub-
stitute (6) into (7)

i ~Ver +162(Zin + Zn)
F2 (1 —m)Z1L+ZH1

®)

In the zero sequence network, similarly as the derivation pro-
cedure in (6)—(8), the expression of zero sequence current is as
follows:

oo Vo +160(Zor + Zno)
ro (1 —m)Zor + Zno

C))

With the IBR is modeled as “unavailable boxes” for relay ele-
ment in power grid, the fault currents Ir1, 12, and I g can still
be expressed as functions of remote end source parameters and
local terminal measurements.

Next, for various fault types, Section [I-C to Section [I-E
derive the analytical expressions of fault distance m in detail as
functions of line parameters and local terminal measurements
before and during faults. The key idea is to combine equations
within different sequence networks to eliminate unknown varia-
bles such as remote end voltage source parameters as well as the
fault resistance, even with IBR unavailable box models.

C. Proposed Distance Protection for SPG Fault

The sequence network is connected with different topologies
according to fault types [34]. The equivalent circuits of sequence
networks for various fault types are shown in Fig. 3.

For single phase to ground (SPG) faults, A—G faults are taken
as examples. The sequence network connection during A-G
faults is shown in Fig. 3(a). Since the positive, negative and zero
sequence networks during A—G faults are in series at the fault
location, the KVLs are as follows:

Ver+Ver+ Voo =T + 12+ (k+ 1) go)mZip + 3Rl 1
(10)

where k= (ZOL - Z]L)/ZIL- With ‘7GA = ‘N/G] + ‘7G2 + VGQ,
substitute (5) and (8) into (10)

{\701 + Va4 Vao= (T +1a+ (k+ DIgo)mZip + 3Rl gy

—AV + Al (Zyy + Z1y)
ZHl —+ (1 —m)ZlL

Vea = (TIga + kl go)mZy + 3R

(I
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Fig. 3. Sequence network connections during various faults. (a) A-G
faults. (b) B—C faults. (c) BC—G faults. (d) Three phase faults.

~Ver +162(Z +Zi1)
ZHI —+ (1 - m)ZlL

Via = (Iga + kI go)mZy + 3R
(12)

In (11) and (12), there are 4 real equations (real and imaginary
parts of 2 complex equations) and 4 unknown variables (2 real
unknown variables m and R, and 1 complex unknown variable
ZHl)- From (—Vgg +I(;2mZ1L) X (1 1) — (_AVGI + AIGlleL)
x (12), the remote source impedance Z;; can be eliminated

[((Ta + ko) (Al —162)Zi 2 im* — [Va(Al gy — 1 2)
+(AVG1 = V)T ga + ko)l Zizm + Va(AVg — V)
+ (=AIG1 Vo +162AV61)3Rr = 0. (13)

The real and imaginary parts of equation (13) can be rewritten
as two real equations, with two real unknown variables m and
Rp. By eliminating Ry, a quadratic equation of fault distance m
can be obtained

am® +bm+c¢ =0 (14)
a = imag(k3)
b = real(k; )imag(ks) — imag(k )real(ks) (15)

¢ = real(k,)imag(k3) — imag(k;)real (k3)

where the operators real(-) and imag(-) are the real and
imaginary parts within brackets. The expression of variables
ki, k» and k3 is depended on fault types. From (13), the
expressions of those variables during A-G faults are shown

in the following equation:
_ =Vea(Alg —16) — (AVgi — Vo) (Ia + Kl o)
B (Iga + Kl go)(Algi —I62)Zyy,
V6a(AVG1 — V)
(Ia + ko) (Al — I 62)Z112
3(~AliVer + 16:AV )
(Ioa + kI Go)(Algt — I 62)Z1.2

ki

(16)

The fault distance m can be solved analytically, as shown in
(17). The negative root is neglected

m= (-btm)/(za).

a7)

D. Proposed Distance Protection for PP Fault

This section derives the expression during phase to phase (PP)
faults. Here B—C faults are taken as examples. The sequence net-
work connection during B—C faults is shown in Fig. 3(b). Since
the positive and negative sequence networks during B—C faults
are in parallel at the fault location, the KVLs are

AV + Al Gi (Zyi +Z11)

Zm+(1—-m)Zy,
(18)

Vei1=Ver= (1 —16)mZi, +Rr

~Ver+162(Zim +2Zi1)
Zm+ (1 —-m)Zy,
(19)

Vo1 =Ver =1 —16)mZi, — R

Equations (18) and (19) include 4 real equations (2 complex
equations) and 4 real unknown variables (real variables m and
Rp, complex variable Zy). Eliminate Zg, from (18) and (19)

[(Tg1 —162)(AlGi +162)Zi2im* = (Va1 = V)
(AiGl + jcz) + (A‘Nlcl + ‘N/Gz)(icl - sz)]Zle + (AVG]
+V62)(Vor = Vo) + (=AMl Vg + 162AV 61 )Rp = 0.
(20)
Similarly, eliminate Ry in (20) to obtain a quadratic equation
of m, with the standard format of (14) and (15). From (20), the

expressions of ky, k, and k3 during B—C faults are derived as
shown in the following equation:

(Va1 =Ve)(Algi +162) = (AVgi + V) (T —162)

= (I6i—Ig)(Algi +162)Zi,
ky = (~‘7G1 - ‘702)(~A‘761~+ V)
(Ig1—162)(Algy +162)Z1 2
ky— ~(—Aj~c1‘~/cz~+jcz~A‘701) '
(Io1 —162)(Algi +162) 712

2

E. Proposed Distance Relay for PPG Faults

This section derives the expression during phase to phase to
ground (PPG) faults. Here BC—G faults are taken as examples.
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The sequence network connection during BC-G faults is shown
in Fig. 3(c). Since the three sequence networks during BC-G
faults are in parallel at the fault location, the KVLs are as
follows:

{‘761 ~ Ve = (Igi —Ig2)mZiy + IpiRr — IR

Ver = Vo = IamZyy — IgomZoy + IpaRp — IroRr.
(22)

Substitute (5) and (8) to the KCL at the fault point

T T 7 (AN[ Gl Nl G2) (AiGl jGZ)(ZHl ZIL)
IFO—_IFI_IFZ—
ZHl (1 ”l)ZlL

(23)
Substitute (5), (8), and (23) into (22)
Vo= Ve = (Ioi = Ig)mZip + [-(AVg — Vo) +
(AL —162)(Zuy + Zi)) ) [Zin + (1 = m)Zi)Re - (24)
Ve — Voo = (Ia — Blco)mZi, + [-(AVgi + 2V )
+(Algr + 21 62)(Zit + Zin)]/[Zin + (1 = m)Zi)Rr  (25)

where f3 is defined as § = Zo./Z,.

Equations (24) and (25) include 4 real equations (2 complex
equations) and 4 real unknown variables (2 real variables m, R,
and 1 complex variables Zy). Eliminate Z; from (24) to (25)

(A1 +2I62) (I 61 —162) = (Ml g1 =1 62) (I 62— Pl 6o )| Z1.>m?
~[(AVgi+2Va)Iai—162)+(Vai=Va) (Al g1 +2 )
—(AV1=V ) Toa=Bloo) = (Var—Veo) (Al g1 =1 62) | Zym
+[(AV614+2V ) (Ve —Var) = (AVa1 = V) (Ve — Vo)
[(AVG142V ) (Al g1 —162) —(AV 61—V G2) (Al 61 +21 62)|Rp =O0.
(26)
Similarly, the quadratic equations of m can be derived by
eliminating Ry, which can be rewritten in the standard format of
(14) and (15). From (26), the expressions of ki, k, and k3 during
BC-G faults are derived as shown in the following equation:

1 :_(A~‘761 +~2‘~/GZ~)GG1~_;GZ) —5‘701 - VGZN)(AiGIN+2jG2)
[(Algi+2I62)(Ig1=162) = (Al g1 —162) (T2 — Pl co)|ZiL
(AVG1 =V ga—Blo)+ (Var— Vo) (Al g1 —I )
(M i1+2162)(I61—162)— (Al g1 —162) (I 62— Bl o)) Zi
(AVG1+2V62) (Vo1 —V6r) = (AVG = V) (Ve — Vo)
[(Algi+2162)(I1~162) = (Al g1 ~I62) (I 62— Bl Go)| Zi1 2
(AVG1=V) (Al +2162) = (AV 61 +2V60) (Al g1 —1 62)
 [(Algi+2162)(Ii—162)— (MG —162) (T2 — Pl 6o)| Zi?
(27)

"

F. Distance Relay for Three Phase Faults

As shown in Fig. 3(d), the equivalent circuit during three phase
faults only includes information in positive sequence. Since the
proposed method requires more than one sequence network to
eliminate unknown variables, the proposed method is not applica-
ble to three phase faults. Fortunately, the fault resistances during

F (I-n)Z; M

> = iRelay H >
| ~J = IG * J Py ZM
Relay G K Tf H i
is ~ M
(Distance relay Ex K

of interest)

Fig. 4. System with external faults at line HM.

three phase faults are typically small (<1 Q as presented in [21],
<5 Q as presented in [35]). In this case, one can apply reactance
method to deal with three phase faults, where the fault distance m
can be calculated by m =imag(Va/Iga)/imag(Zi) [36].
Indeed, for extreme scenarios with high resistance three phase
faults, further protection schemes should be studied in the future.

G. lllustration of Selectivity During Forward External
Faults

The selectivity of the proposed method during forward exter-
nal faults is illustrated in this section. Consider an example sys-
tem with two branches (branch K and M) at the remote bus H,
as shown in Fig. 4. The external faults in line HM occur at dis-
tance n from bus H. Here, A—G faults are taken as examples.

In the positive sequence network, the following equations can
be obtained by the differences between equations before and
during the fault

AV =AMl Zip+ (Al g+ Mgy =1 r1 ) (Z1g+Zn ) +1pinZyy
{AVm —AlGi1Zy+ Al g1 Zgy =0.
(28)
Thus, the positive sequence fault current is as follows:
I
(—AV a1+ Al 61 Z1L) (Zky + Ziy + Zun ) | Zy + M 61 (Zyy + Zon )
(1=n)Z1j+Zmn

(29)
In the negative sequence network, the circuit satisfies
Vor=TIZi+ (e +Ix2 = 172)(Z1y + Zant) + I panZyy
{‘762 — I Zi + IxaZk1 = 0.
(30)
Similarly, the negative sequence fault current is as follows:

Fo_ (=Ver+162Z11) (Zin +Z11+2Zwn) | Zir +162(Zas + Zon)
(1 —n)le +Zm

3D

Although here the fault is an external fault, the proposed
method can still estimate the fault distance m using (13) after
substituting the local measurements during this external fault.
Note that here the value of m is not necessarily equal to the
actual fault distance 1 + n, since the derivation in (13) assumes
internal faults. Also, the fault resistance R that satisfies (13) is
typically not equal to the actual fault resistance Ry. Substitute
the actual equations of fault current during external faults, i.e.
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(29) and (31), into (13)
Ir[(1=n)Ziy+Zyn ) ~162(Z1y+Zun)
(Zk\+Z11+2Zin1) | Zxa
Ir[(1=1)Z1s+ Zsn] — Al 61 (Zu+ Zon)
(Zk1+Z1s+ 2 ) | Zk

[Vea—Tga+kl go)mZy, —I 23RS =0.

[Vea—Toa+klgo)mZy,

—AlG13R™) -

(32)
From (32), the estimated distance m satisfies
- - ~ ~ (1-n)Ziy+Zin
Veoua — Uga + klgo)mZy, — 3 p R ~—————— = =
6a — (Iga Go)mZL FIRE Zu + Zom
(33)

On the other hand, the actual distance n should satisfy the fol-
lowing equation from KVL:

Vea— (Iga + ko) Zip — (Ija + kI jo)nZy; — 311 Rp = 0.
(34)

From (33) and (34), the relationship between estimated m and
actual distance n is derived

Ve — (Tga + klgo)mZip = 3[(1 = n)Ziy + Zuni | /(Zys + Zant)
“[Vea—Uga+klgo)Zi — (14 + kI jo)nZ1 ;R /R = 0

(35)
Eliminate the R and R$X' in (35) to obtain m
imag (VGA —ZU + 2 ;)
m— (1=n)Ziy+ Zy1 Viy (36)

- - Z Z 1
imag <(IGA —+ kIG())ZlL v+ 2 —>

(1=n)Zyy +Zy1 Viy

where VFA = VGA - (iGA + ijO)ZlL - (i]A + kf,o)nZ” is the
voltage at the fault point F. For external faults in line HM (i.e.
0 < n < 1), since Z;; and Zy; are both inductive in general,
(Zyy+Zin)/[(1 =n)Zi; + Zyn] in (36) is close to a positive
real number and will hardly contribute to the value of m. Define
p =m — 1, it can be expressed as

(Isa -HJJO)”Zu) Jimag <(7JA +k 10)Z1116a +kico>
VA Vi Ija+kl
(37

From ( 7), the fault point voltage satisfies VFA =17 mRE, €.,
V4 and I, have similar phase angles. Typically, compared to
the IBR, the equivalent voltage source Ex provides the majority
of I, during external faults. One can assume that the phase
angles of 14+ kI, and Ip4 are close to each other. With the
line impedance nZ,; and Z;; are inductive, the phase angle of
(I +klj0)nZy;/Vgs and (14 4kl 10)Z11/V s are both close
to 90°. Thus, the numerator in (37) is a positive number.

Consider the real power in Fig. 4. During the external faults,
the real power flowing into node H (from G) and the real power
flowing out of node H (to F) should both be positive. Therefore,
the phase angle of (Ig4 +kIgo)/(Ia + kI ) is between —90°
and 90°. Combining these characteristics, the denominator term
of (37) is also a positive value. Therefore, the solution satisfies p
>0 (i.e.m =1+ p > 1) during external faults.

pzim'dg(

From (37), the difference between p and n mainly comes
from the current injection from branch K. In this case, the esti-
mated m = 1 + p does not reflect the exact fault location 1+n
for forward external faults. Nevertheless, the proposed distance
relay can still correctly operate during the forward external
faults. For Relay G in Fig. 4, since m > 1 for forward external
faults, these faults will fall outside of Zone-I; for Relay H in
Fig. 4, these faults will fall within Zone-I. As a result, the
selectivity of the proposed method is ensured, as it will not
misoperate during forward external faults. Therefore, Zone-I
and Zone-II of the distance relay can be designed accordingly.

H. Adaptability of Proposed Method to Various
Sources

In fact, the impact of IBR on line distance protection has two
aspects. First, the IBR side demonstrates a weak-infeed feature,
i.e., the limited fault current at the IBR side is much less than
that at the power grid side. As a result, the weak-infeed feature
will magnify the impact of fault resistance on the distance pro-
tection. This phenomenon also exists for weak-infeed lines ter-
minated by only SGs. Second, due to complicated response
features of IBR control during faults, the equivalent source volt-
age and impedance of IBR varies greatly during faults, causing
further challenges for mitigating the impact of fault resistance
on the distance protection. This phenomenon does not exist for
lines terminated by only SGs.

The principle of the proposed method is to utilize independent
equations for multiple sequence networks, to eliminate the effect
of remote infeed current and fault resistance, thereby improving
reliability of distance relay. It is worth noting that, if the local
bus only connects SGs (no IBRs) and the positive/negative
sequence source impedances of SGs are the same (i.e., AV /
Al Gl = ch / 1), the effectiveness of proposed method might
be limited. One can observe that the impedances of the line and
the remote end source for the positive sequence are identical to
those for the negatlve sequence. For A-G faults, Ip; =1ps,
ie. Alg 4+ Al = Iy + I1p. With the same positive/negative
impedances, the fault current distributions are identical for posi-
tive and negative sequences, i.e. Al =1 and thus AVg, =
\7(;2. This means equations (1 1) and (12) are the same and not
independent. As a result, the coefficients k;, k», and k5 in (16)
are all are equal to zero so that m has infinite number of solu-
tions. For B—C faults, Ir; = —I 2, i.e. AiGl +Aly = —sz—
I Similarly, the fault current distributions are identical for
positive and negative sequences, i.e. v and thus AV = —V .
This means equations (18) and (19) are the same and not inde-
pendent. As a result, the coefficients k;, k», and k3 in (21) are all
are equal to zero so that m has infinite number of solutions. For
BC-G faults, the proposed method is not affected by the above
situation.

Fortunately, the complicated characteristics of IBR during
faults (determined by complex control schemes, nonideal phase-
locked loops, power electronic switches, etc.) make the features
of positive and negative sequence network not strictly identical.
This guarantees that the equations for positive and negative
sequence networks are independent and enables the proposed
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Fig. 5. Flow diagram of the proposed method.

method. Even if the local bus is connected to both SGs and
IBRs, positive and negative sequence networks are also not
strictly identical so that the proposed method is still effective.

I.  The Structure of Proposed Protection

This section summarizes the implementation process of the
proposed distance protection. When the fault occurs, the abnor-
mal voltage is usually adopted as the pick-up criterion [23].
Fault phase identification [34], [37], [38], [39], [40], [41] is also
a hot research topic, especially for lines terminated by IBRs. By
extracting feature components [34], [37], [38] and improving
phase selection criteria [39], [40], [41], these methods improve
the speed and accuracy of phase selection procedure. In this arti-
cle, the phase selection procedure adopts existing literature [40]
as an example. After that, the coefficients &, k,, and k3 are cal-
culated by (16), (21), and (27) according to fault types. Next, the
fault distance m is calculated by (14), (15), and (17) during
asymmetric faults. For 3 phase faults, the m is estimated by reac-
tance method [35].

Next, the estimated m is compared to settings of different
zones for trip decision. Zone-I covers the majority of the line
under protection, (€.g. M. = 80% of the line, with a short trip
delay of T,oner = 2 cycles). Zone-II covers the entire length of
the line with slight overreach characteristics (e.g. M, onenr =
120% of the line, with a longer trip delay of T,,,.; = 10 cycles),
which coordinates with the Zone-I relay of the next line, to
ensure selectivity during external faults [41]. In practice, the
above settings M,onets 1 zonels Mzonell, and Tyonerr can also be
adjusted according to the preference of the users. The flow dia-
gram of proposed distance relay is summarized in Fig. 5.

1. SIMULATION

An example test system is built in MATLAB/Simulink, as
shown in Fig. 6. The system is a 50 Hz 110 KV system, with a

30 MW photovoltaic plant connected to the Bus G. The step-up
transformer is A-YN connected with neutral point grounded.
The length of line GH and HM are 100 km and 80 km, respec-
tively. The line parameters are shown in Table [.

The distance relay of interest is the relay at terminal G. The
sampling frequency of three phase voltage and current measure-
ment is 10 kHz. Phasors are calculated according to IEC-60255.
The settings of the proposed distance relay are: m,n.; = 80%,
T onet = 2 cycles, m,onerr = 120%, T onenr = 10 cycles.

A. Relay Performances During Various Fault Types

Recently, various grid codes require IBR to inject negative
sequence current when the system is unbalanced. In this section,
the inverter adopts active—reactive power control scheme, with
the ride-through mode that injects negative sequence current
based on negative sequence voltage, as described in IEEE Std
2800-2022 [17].

Six case groups are presented, including A—G faults (group
1&2), B—C faults (group 3&4) and BC-G faults (group 5&6).
All faults occur at 0.1 s. Groups 1, 3 and 5 are 1 Q low resistance
faults, while Groups 2, 4, and 6 are high resistance faults. For
SPG faults, the maximum fault resistances considered in the
existing literature could vary from 30 to 100 Q [15], [27], [43],
[44]. For PP or PPG faults, the maximum fault resistances could
vary from 10 to 20 Q [1], [5], [45]. Therefore, this article consid-
ers the maximum fault resistance of 75 Q for A—G faults, and
15 Q for B-C and BC-G faults. Each group includes Zone-I
faults at 10%, 50%, and 75% of the protected line, Zone-II faults
at 90% and 110% of the protected line, and fault at 150% (out-
side of trip zone) of the protected line.

The performances of the proposed distance protection during
faults in Groups 1 to 6 are shown in Fig. 7. When internal faults
at 10%, 50%, and 75% occur, the calculated values of m become
quite close to the actual fault locations during steady state,
regardless of low or high fault resistances. All above 3 Zone-I
faults are correctly tripped by Zone-I relay. Meanwhile, Zone-II
faults at 90% of the line are correctly tripped by Zone-II relay.

For external faults at 110% and 150%, the calculated m could
vary for various fault types and fault resistances during steady
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Fig. 7. Proposed relay performances, negative sequence current injec-
tion IBR control: (a) group 1, 1 Q A-G faults; (b) group 2, 75 Q A-G faults;
(c) group 3, 1 Q B—C faults; (d) group 4, 15 Q B—C faults; (e) group 5, 1 Q
BC-G faults; and (f) group 6, 15 Q BC-G faults.

state. This is because different fault scenarios could cause differ-
ent infeed currents from branch K. For example, calculated val-
ues of m falls inside Zone-II during 110% A-G and BC-G
faults, but falls outside Zone-II during 110% B-C fault. Never-
theless, these external faults still stay outside of Zone-I of the
protected line. Since these external faults will be instantaneously
tripped by the relay at line HM, it ensures that the relay of the
protected line will correctly refuse to operate during these exter-
nal faults.

During various faults, the calculated values of m will oscillate
before reaching steady state. Most oscillations occur within first
2 cycles after the occurrence of the fault. In fact, the oscillations
could also be observed during calculation of apparent impedan-
ces of legacy distance protection for lines terminated by SGs.
The Zone-I trip delay 7., manages to avoid the impacts of the
oscillations on the protection reliability, and also meets the fault
clearing requirements of ac lines [16].

B. Impact of Control Strategies

Unlike IEEE Std 2800-2022, some grid codes do not specify
the negative sequence characteristics under unbalanced condi-
tions [46]. In this section, control strategy suppressing negative
sequence currents [5], [16] is adopted as examples to verify the
compatibility of the proposed method. Due to space limitation,
three groups of high resistance faults are taken as examples,
which include 75Q A-G faults (Group 7), 15Q B-C faults
(Group 8) and 15Q BC-G faults (Group 9). They correspond to
Groups 2, 4, and 6 in Section [II-A. The performances of the
proposed method are shown in Fig. 8.

When internal faults occur, the calculated values of m approach
the actual fault distance in 2 cycles. The faults at 10%, 50%, and
75% of the protected line are tripped by Zone-I relay correctly,
and faults at 90% of the line are protected by Zone-II relay. When
external faults occur, the calculated values of m keep larger than
1. Thus, these external faults will be instantaneously tripped by
the relay at line HM. The results in Section [1I-A and III-B prove
that the proposed method is compatible with both negative
sequence current injection and negative sequence current suppres-
sion control schemes.

C. Impact of Branches at Local Bus

In practical power grid, it is possible that the local bus
G includes both the IBR and other branches. In this section, an
equivalent source Ey with internal impedance Zy is connected
to bus G via a 40 km line NG, as shown in Fig. 9. The control
strategy of IBR is injecting negative sequence current during
faults, which is the same as that in Section III-A. Similar as
Group 2, 4, and 6 in Section III-A, three groups of high resis-
tance faults are presented, including 75 Q A-G faults (Group
10), 15 Q B—C faults (Group 11) and 15 Q BC-G faults (Group
12). The performances of the proposed method are shown in
Fig. 10.

With a branch connected to bus G, the calculated m also
approaches the actual fault distance when internal faults occur.
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Fig. 8. Proposed relay performances, negative sequence current sup-
pression IBR control: (a) group 7, 75 Q A-G faults; (b) group 8, 15 Q B-C
faults; and (c) group 9, 15 Q BC-G faults.
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Fig. 9. Example test system for simulation with an extra branch.

The faults at 10%, 50% and 75% of the protected line are tripped
by Zone-I relay correctly, and faults at 90% of the line are pro-
tected by Zone-II relay. For the forward external faults, the calcu-
lated values of m stay outside of Zone-I of the protected line and
they will be instantaneously tripped by the relay at the line HM.
The proposed method can work properly with additional branch
at the local bus.

D. Impact of Winding Connection of IBR Transformer

Although Fig. 6 adopts A-YN connected transformer with
neutral point grounded, the derivation of the proposed method
simply treats the IBR as an unavailable box and does not have
specific assumption on the transformer winding connection.

To verify compatibility of the proposed method with various
winding connections, the transformer in Fig. 6 is replaced by
y-YN winding with neutral point grounded at the high voltage side
[47]. Here, the control strategy of IBR is also injecting negative
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Fig. 10.  Proposed relay performances, negative sequence current injec-
tion IBR control, branches at the local bus: (a) group 10, 75 Q A-G faults;
(b) group 11, 15 Q B—C faults; and (c) group 12, 15 Q BC-G faults.

sequence current during faults, as described in Section I1I-A. Simi-
lar as Group 2, 4, and 6, three groups of high resistance faults
including 75 Q A-G faults (Group 13), 15 Q B—C faults (Group
14) and 15 Q BC-G faults (Group 15) are presented. The perform-
ances of the proposed method are shown in Fig. 11.

For the IBR transformer using y-YN connection, the faults at
10%, 50%, and 75% of the protected line are correctly tripped by
Zone-I relay, and the faults at 90% of the line are correctly tripped
by Zone-II relay. During external faults, the proposed relay at ter-
minal G will correctly refuse to operate, while the relay of line HM
at terminal H will correctly trip these faults. The proposed method
is compatible with various transformer winding connections.

IV. COMPARISON TO EXISTING METHODS
A. Legacy Method

The legacy distance protection adopts quadrilateral imped-
ance characteristics to show robustness against fault resistances.
Here, the performances of the legacy method are demonstrated
with Group 4 (15Q B-C faults) and Group 6 (15 BC-G faults).
The settings of the legacy method are determined by the princi-
ple in [42]. The trajectory of the apparent impedance “seen” by
the relay is plotted in an R-X complex plane, as shown in
Fig. 12. The time stamps of the trajectory with faults at 10% are
marked in the figure as examples.

During B—C faults at 10%, 50%, 75%, and 90% of the line
and BC-G faults at 10% of the line, the apparent impedances
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tion IBR control, y-YN transformer: (a) group 13, 75 Q A-G faults;
(b) group 14, 15 Q B—C faults; and (c) group 15, 15 Q BC-G faults.
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Fig. 12.  Relay performances of legacy relay. (a) Group 4. (b) Group 6.

fall outside the tripping Zone-1I, i.e., the relay cannot dependably
trip these faults. During 150% B—C faults and 110%, 150%
BC-G faults, the apparent impedances fall inside the tripping
Zone-1, i.e., the relay cannot securely ignore those external
faults, because the imaginary parts of the apparent impedance
become negative with impact of IBR. These results prove that
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Fig. 14.  Relay performances of existing improved method 2, group 6.

the legacy relay cannot dependably and securely operate for
lines terminated by IBRs.

B. Existing Improved Method 1

The existing improved method 1 [21] calculates the value of
D,/D,, where D, is a function of apparent impedance, and D, is
a function of line impedance. The values of D; and D, are also
functions of the phase angles of faulted path currents. Specifi-
cally, for PP faults, the method assumes that the phase angle of
the faulted path current is close to that of negative sequence cur-
rents at the local end [19]. The effectiveness of this assumption
depends on the availability of SGs at the IBR side.

The relay performances of the existing improved method 1 are
demonstrated with Group 4 (15Q B—C faults) in Section [1I-A as
an example. The results are shown in Fig. 13. The existing
improved method 1 fails to trip internal faults at 50%, 75%, and
90% of the line. The results show that the existing improved
method 1 could encounter challenges during PP faults.

C. Existing Improved Method 2

The existing improved method 2 in [23] applies the negative
sequence model to estimate fault location. Compared to [22]
with the assumption of no negative sequence current injection
for IBRs, existing improved method 2 adopts a compensation
process for IBRs with negative sequence current injection. Dur-
ing derivation, the method assumes that the negative sequence
voltages at the IBR and at the fault location are similar, which
could cause compensation errors.

Next, the performances of the existing improved method 2
[23] are demonstrated with Group 6 (15Q BC-G faults) in
Section III-A as an example. The results are shown in Fig. 14.
Due to compensation error of negative sequence currents, the esti-
mated fault distance is slightly larger than its actual values. As a
result, the fault at 75% of the protected line in Zone-I will be seen
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Hardware experimental platform.

by Zone-II, limiting the operating speed of the relay during inter-
nal faults.

D. Summary of Existing Improved Methods

Besides the above two improved methods, there are many
other improved methods with various features, such as require-
ment of additional measurement [18] or communication [19],
[20] from the remote end, and requirement of certain grid codes
with specific assumptions [21], [22], [23] or certain IBR control
schemes during faults [24], [25], [26]. The comparisons of exist-
ing improved methods are summarized in Table II. One can
observe that the proposed method works with present phasor
measurements, does not require communication, and is compati-
ble with various IBR control schemes and grid codes.

V. HARDWARE EXPERIMENTS

The experimental platform is a grid-connected photovoltaic
system, as shown in Fig. 15. The system includes

1) A 6 kW PV panel connected to a 6 kW PV inverter.

2) Impedance boxes to represent line impedances.

3) Circuit breakers powered by dc sources to enable line fault.

4) Ceramic resistances as fault resistances.

5) The 220 V main grid.

During normal operation, the PV inverter is connected to the
main grid via the line impedances. The overall line impedances
are Z;; = j7.35 Q and Zy;, = j19.13 Q. The line impedances are

T
[|——3ohm
——100hm

aa
ENECEEN
;

o

Distance (pu)
©oooo
N A O

Fig. 16. Relay performances with hardware experiments. (a) Proposed
method. (b) Legacy method.

divided into two sections and the fault resistance is connected to
the node between two sections. The digital fault recorder (DFR)
is deployed to measure local voltage and current signals before
and during the fault, with the sampling rate of 5 kHz. The
recorded data are stored in COMTRADE files.

Next, two fault events are considered, including a 3 Q A-G
fault and a 10 Q A-G fault at 52% of the line. The performances
of the legacy method with quadrilateral impedance characteris-
tics and the proposed method are presented for comparison. The
settings of the proposed relay and legacy relay are consistent
with those in Sections III and IV-A. The results are shown in
Fig. 16. By estimating fault distance, the proposed method can
trip correctly during both fault events, but the legacy method
fails to trip during the 10 Q fault. The result verifies the effec-
tiveness of the proposed method.

VI. FIELD DATA EXPERIMENTS

The proposed method is also verified via field data. The C-G
fault occurs on a 220 kV, 48 km transmission line, at 23% of the
line. The line connects a PV plant to main grid. The overall line
impedances are Z;; = 2.31 + j9.78 Q and Zy; = 4.29 + j26.73 Q.
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The voltage and current waveforms before and during the
fault are stored in COMTRADE files with 10 kHz sampling
rate, as shown in Fig. 17. The fault occurs at approximately
0.0961 s. The performance of the proposed method is shown in
Fig. 18. The calculated m stays at around 0.25 during the fault,
supporting the effectiveness of the proposed method in practice.

VII.

The increasing penetration of IBRs brings a series of chal-
lenges to the protection of transmission lines. This article pro-
poses an improved distance protection for lines connected to
IBRs, without additional measurement from the remote end.
Utilizing the information of multiple sequence networks, the
proposed protection analytically estimates the fault distance in
real time. Compared to the existing methods, the proposed
method greatly mitigates the effect of fault resistances and
remote end infeed currents, independent of the IBR control
schemes. As a result, the proposed distance relay improves the
protection dependability and security for the lines terminated by
IBRs. Simulation, hardware experiments and field data experi-
ments support the effectiveness of the proposed distance relay
with various inverter control schemes and grid codes.

CONCLUSION
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