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Reliable Phase Selection Method for
Transmission Systems Based on Relative
Angles Between Sequence Voltages

Abdallah A. Aboelnaga and Maher A. Azzouz, Senior Member, IEEE

Abstract—Fault currents emanating from inverter-based re-
sources (IBRs) are controlled to follow specific references to
support the power grid during faults. However, these fault cur-
rents differ from the typical fault currents fed by synchronous
generators, resulting in an improper operation of conventional
phase selection methods (PSMs). In this paper, the relative an-
gles between sequence voltages measured at the relay location
are determined analytically in two stages: (D a short-circuit
analysis is performed at the fault location to determine the rela-
tive angles between sequence voltages; and (2) an analysis of the
impact of transmission line on the phase difference between the
sequence voltages of relay and fault is conducted for different
IBR controllers. Consequently, new PSM zones based on rela-
tive angles between sequence voltages are devised to facilitate
accurate PSM regardless of the fault currents, resistances, or lo-
cations of IBR. Comprehensive time-domain simulations con-
firm the accuracy of the proposed PSM with different fault lo-
cations, resistances, types, and currents.

Index Terms—Fault resilience, fault type identification, phase
selection method, inverter-based resources, control function, re-
newable energy source, sequence voltage.

1. INTRODUCTION

HE penetration of renewable energy sources (RESs) is

increasing in both transmission and distribution net-
works due to their merits in reducing fuel consumption and
greenhouse gas emission [1]. However, RESs are mainly in-
tegrated into the power grid as inverter-based resources
(IBRs), whose generated current possesses characteristics
that differ from synchronous generator (SG) fault currents
[2]. Thus, the penetration of RESs introduces challenges to
the power grid regarding stability and protection. Since lega-
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cy protection systems, e.g., distance relays, direction relays,
and phase selection methods (PSMs), are designed based on
SG fault characteristics, they may operate improperly when
faults are fed from RESs [3], [4].

Phase selection is an essential protection function that de-
termines the faulty phase(s). PSM is considered as an imper-
ative protection function in transmission systems as it is a
prerequisite function for distance, single-pole tripping, and
fault location [5]. Conventional PSMs can be classified ac-
cording to the type of the processed electrical quantities into
two categories: () PSMs for transient quantities, which are
based on high-frequency components, traveling wave, or
wavelet transform [6] - [8], and @ PSMs for steady-state
quantities, which are based on comparing the magnitudes
and/or phases of electrical quantities [9], [10]. It is worth
mentioning that most conventional relays depend on steady-
state quantities as they do not require expensive and accu-
rate data analysis [11], [12]. Despite the reliability of con-
ventional PSMs in legacy power grids, they might perform
incorrectly when fault currents emerge from IBRs [13]. Ac-
cordingly, many researchers have recently endeavored to
solve the protection problems in the presence of IBRs.

Some researchers pursue solving the phase selection prob-
lem by controlling the IBR to inject adequate fault current.
In [13], the negative-sequence (NS) current is controlled to
enforce the inverter NS model to be equivalent to an imped-
ance with an X/R ratio equal to the ratio of traditional net-
work. In [14], the NS current angle is controlled based on ei-
ther the measured zero-sequence (ZS) current angle or the
positive-sequence (PS) current angle to guarantee proper cur-
rent-angle-based PSM, while both the NS and ZS current an-
gles are controlled in [15]. These methods enhance the PSM
operation; however, the reactive current generation require-
ments are not taken into consideration, which limits their ap-
plicability. In [16], the NS and PS currents are controlled to
guarantee the correct operation of PSM as well as applying
reactive current requirements imposed by grid codes (GCs),
but it impairs the sensitivity of the relay operation. In addi-
tion, there is no guarantee that the aforementioned methods
operate properly in different microgrid topologies. It is
worth mentioning that [14]-[17] require determining the fault
type at the IBR terminal accurately as a prerequisite for con-
trolling the IBR current to mimic SG fault current character-
istics. Thus, it is crucial to develop an accurate PSM that
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can determine the fault type precisely at the IBR terminal to
enable the IBR controller to operate strictly.

On the other hand, other researchers attempt to modify
conventional PSMs to enhance their security and dependabili-
ty during faults that emerge from IBRs. Reference [17] at-
tempts to enhance the current-angle-based PSM by allowing
the relay to operate only during a certain period of time af-
ter the fault inception, but some of the results still show mal-
operation [17]. In [18], the faulty phase is determined by
comparing the NS and ZS voltage angles and the NS and PS
voltage angles. Reference [19] compares the sequence volt-
age angles for ground faults while comparing the voltage
phase angles in ungrounded faults. These methods show
proper operations; however, they ignore the arc resistance ef-
fect in the analyses. Thus, these methods are susceptible to
failure with large arc resistances. Reference [20] attempts to
combine the faulty phases determined from both the voltage-
angle-based and an improved -current-angle-based PSM.
However, this combination can aggravate the problem, as a
failure in any method could lead to the incorrect identifica-
tion of faulty phases. In [21], the faulty phase is pinpointed
based on the superimposed voltage calculated at the fault lo-
cation by computing the pre-fault impedance and augment-
ing it in the current-angle-based classifier equations. In [22],
the faulty phase is determined based on current-angle-based
PSM by improving the PSM zones by adding an online com-
pensation angle. However, these calculations could increase
the computational time for faulty phase identification. In
[23], the faulty phase is identified by utilizing a new method
of computing the relative angle between sequence fault cur-
rents. These methods assume that transmission lines (TLs)
have a negligible effect on the PSM accuracy. While these
methods function properly in microgrids and distribution sys-
tems, they may encounter failures in transmission systems.
According to the authors’ knowledge, there is no method
elaborating on the effect of TLs on the relative sequence
voltage angles between the relay and fault locations for lines
connected with IBRs. Thus, it is necessary to investigate the
impact of TL at various IBR controllers on the PSM accura-
cy, and determine an effective PSM that can operate proper-
ly in power grids containing IBRs. The contributions of this
paper are described as follows.

1) The practical range for relative angles is elucidated be-
tween sequence voltages calculated at the fault location.

2) The impacts of TL impedance and IBR controllers on
the relative angles are interpreted between similar sequence
voltages measured at the fault and relay locations through an-
alytical methods.

3) A comprehensive PSM is proposed based on comparing
sequence angles between NS and ZS voltages and between
NS and PS voltages to ensure the precise and secure phase
selection for different IBR controllers, fault resistances, and
fault locations.

II. ANALYSIS OF RELATIVE ANGLES BETWEEN SEQUENCE
VOLTAGES

In this section, short-circuit analyses are performed on a
sample power system shown in Fig. 1, for single-line-to-
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ground (SLG), line-to-line-to-ground (LLG), and line-to-line
(LL) faults, to determine the relative angle between the NS
and ZS voltages measured at the fault location, i.e., &%=
ZV;—/V?, and that between the NS and PS voltages, i.e.,
0p=2V.—2ZV;. In Fig. 1, V. is the voltage at the IBR ter-
minal; Z,, is the transformer impedance; V,, and V,, are
the voltages measured by relays R,, and R,,, respectively;
ip, and i, are the currents measured by relays R, and R,,, re-
spectively; Z, is the line impedance; and Z,,, is the grid equiva-
lent impedance. It is noted that in this paper, NS, ZS, and PS
are represented by superscripts —, 0, and +, respectively.

VR2 1

Vi
Z,

grid

VIBR

Grid

IBR

Fault

Fig. 1. Structure of sample power system.

A. SLG Fault Analysis

In this subsection, the sequence network for an a-phase-to-
ground (AG) fault is analyzed, as a representative for SLG
faults, to determine the relation between the sequence fault
voltages, i.e., V;, V;, and V2, and their relative angles. As
shown in Fig. 2, the sequence fault currents, i.e., /., /., and
12, are equal; thus, they are renamed in this subsection as /,
for simplification, while the sequence fault voltages are for-
mulated by:

Vi==I2,
Vi==1:Z;
Vi=1Zy+Z)+3R,)

()

where Z,, Z), and Z;, are the NS, ZS, and PS Thevenin im-
pedances at the fault location, respectively; and R, is the
ground fault resistance.

From (1), the relation between ¥, and V) and that be-
tween V. and V; are given by:

Vi_Z,
0 0
Ve 2y, @)
Vi -7
- 0
Vi Zy+Z,+3R,
Zy I z, I
Ve T oyt
3R]
Fig. 2. Sequence circuit at fault location for an AG fault.
Hence, 69 and J}, are given by:
0y=~LZ,-LZ,
3)

Op=22,~2(Zy+Z+3R,) ~180°

It is worth mentioning that in a typical transmission sys-
tem, the PS, NS, and ZS equivalent impedance angles are al-
most equal, and they are around 80° [24]. Since the magni-
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tude of the IBR equivalent impedance is much larger than
the grid-side impedance, the Thevenin impedance is roughly
equal to the grid-side impedance [25], i.e., LZ,=/Z,~
/73 ~80°. Hence, it can be deduced that &)~0, while J;
varies according to the magnitude of R,, as shown in Fig. 3.

V' (p.u.)
1.00

0.93
0.86
0.79

10 Bon

03 oo

Zipuy 01§ 0% R 0.65

Fig. 3. J} range for an AG fault.

It can be observed from Fig. 3 that §.=—180° for solid
faults, and it increases as R, increases. It is also deduced
that the effect of R, on d; increases while the magnitude of
the Thevenin impedance, i.e., | Z, |, decreases. Thus, to deter-
mine the maximum variation of d;. from the solid fault condi-
tion, the minimum value of |Zth| is utilized. Since the fault

current in three-phase faults can reach 4 to 20 times its rated
value [25], [26], the minimum value of |Z,; ~0.05 p.u.. Be-
Z, | 1s almost equivalent to |Z,;| [27]; thus, the mini-
mum value of Zt},| ~0.05 p.u.. Meanwhile,
higher than | Z,, z5| =k" z;,
that depends on the neutral conductor size and varies from 1
to 5 [27]. In order to get the minimum value of |Z}} £° is
selected to be 1, and the minimum value of |Zm| in Fig. 3 is
selected, such that |Z;|=|Z,|=|25|=|2,]=0.05 p.u. It
can be observed from Fig. 3 that ;. varies from —180° for
solid faults to —100° for high-resistive faults. However, the
increase of fault resistance can reduce the PS voltage drop.

The practical range for d, for AG faults is limited to be V=
0.9 p.u., and thus, J, ranges from —180° to —110°.

sides,

Z$| is usually

. where £° is a constant

, i.e.,

B. LLG Fault Analysis

As a representative of LLG faults, the sequence network
for a b-phase-to-c-phase-to-ground (BCG) fault is analyzed,
as shown in Fig. 4. Accordingly, V;/V and V/V are deter-

mined by (4), as demonstrated in Appendix A.

Iy -
R, * R, 3R, R,
V+3 +|F Zy JVF z, IV%
thi I

Fig. 4. Sequence circuit at fault location for a BCG fault.
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Vi _ Z, Zy+ R, +3R,
Vlf") Zt(l)t Zt;z+Rph
Ve _ Z, 4
Ve R .(R,+Z,
Zt;+2Rph+7zh( wtZa)
Zy+R,,+3R,

where R, is the arc resistance between faulted phases.
Hence, for solid faults, ). and 6} are given by:
=0
Z, 0
th

0
Zth

0p=< ©)

Z,+

However, to determine the values of J and &} at different
values of R, and R,, Fig. 5 is determined by varying R,

and R,, while ’Z,}, and |Z,‘},’ are selected at their minimum

values, i.e., 0.05 p.u., to get the maximum ranges for both &%

and J7. It can be deduced from Fig. 5(a) that R, has a ne-
glectable effect on §9%, while increasing R, directly affects
the value of 67. With large value of R,, dy~—2Z,; thus, 5}
can vary from 0° to —80° in a BCG fault. However, the prac-
tical range of 6% is from 0° to —73°, as illustrated in Fig. 5(a).
On the other hand, J;. is negligibly affected by R,, but is sub-
stantially impacted by the value of R ,, as shown in Fig. 5(b).
For considerable R, 6.~ £Z,; hence, 6 can vary in a BCG
fault from 0° to 80°. This range matches the total range de-
termined in Fig. 5(b). However, the effective range of J;. is
from 0° to 68°.

7 (pu.)
r0.33

10.30

10.25

80

60
X 40t
)

20F

R

0.10 0.15 020 0.25
Rph (pu) 0.3
(b

Fig. 5. Relative sequence angles for a BCG fault. (a) 6%. (b) J5.
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C. LL Fault Analysis

In this subsection, the sequence network for a b-phase-to-
c-phase (BC) fault is analyzed. The relation between V. and
V= is derived from Fig. 6 as:

Z,+R
Vi=Vi+IiR,= V;LZ_ R (6)

1; Rph Iy

Fig. 6. Sequence circuit at fault location for a BC fault.

Thereafter, the ratio between V. and V. is determined by:
Vi Z,
e g
F th

ph

Consequently, it can be inferred that J;. is susceptible to
R,. If R,=0, 6,=0. On the other hand, if R, is noticeable,
O0p=2£Z,~80° Figure 7 depicts the range of J, for a BC
fault against the wide ranges of ’Z;’ and R,,. It is manifest-
ed that the theoretical range of J;. can vary from 0° to 80°
for a BC fault, whereas the practical range is between 0°

to 68°.

V(p.u)
1.0

0.2
0 0.1 Zon (p.\L)

Fig. 7. d} range for a BC fault.
III. ANALYSIS OF PHASE SHIFTS BETWEEN SEQUENCE
VOLTAGES

The TL introduces a voltage phase shift between sequence
voltages measured at the relay and fault locations. This
phase shift is negligible in conventional power grids; howev-
er, its impact is notable in the case of IBRs because their
current angles differ from those of traditional sources.
Hence, the impact of TLs should be analyzed to determine
the phase angle between the NS and ZS voltages measured
at the relay location, i.e., dy=2V;— 2V}, and that between
NS and PS voltages, i.e., =2V, —ZV;.

A. ZS Voltage

The IBR is usually integrated into the power grid through
an interfacing transformer, e.g., a delta/star-ground transform-
er. This transformer connection prevents any ZS current in-
jection from the IBRs from flowing to the fault. Thus, the
only source of ZS current that flows through the relay to the
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fault is from the ground path in the transformer. The equiva-
lent single-line diagram (SLD) of the ZS circuit is illustrated
in Fig. 8, where V) is the ZS voltage measured at the grid
side; 1)) is the ZS current measured at the relay; 7 is the ZS
current supplied from the grid side; and Z2 is the ZS equiva-
lent impedance between the fault and the grid ground.

0
VG

0
Zy,

Fig. 8.

Equivalent SLD of ZS circuit.

By analyzing Fig. 8, the ZS voltage measured at the relay

side V' can be determined by:

yo_po Z%

T z04 720
where Z? is the equivalent ZS impedance of transformer;
and Z; is the equivalent ZS impedance between the relay
and the fault location. Since /Z)~/Z), the relative angle
between the ZS voltage measured at the relay and fault loca-
tion, i.e., AOp.= 2LV — 2V}, is approximately equal to zero.
This angle can be theoretically neglected, but its effect is
considered as a margin when setting the proposed PSM
zones.

B. NS and PS Voltages

In this subsection, the range of the phase shift between
the NS voltages of relay and fault, i.e., AOy,=2LV; -2V,
and that between the PS voltages of relay and fault, i.e.,
AOp.= V3 — LV, are analyzed for different IBR controllers.
1) Conventional Controller

The controller is designed to inject only PS current, where
a proportional-integral controller is used to track the refer-
ence current, and a feed-forward voltage is utilized to en-
hance the dynamic response of the controller. However, it di-
minishes the NS current similar to the balanced-current con-
trol strategy, i.e., |/, ,;R‘ ~ 0. Hence, the effect of Af,,. is aban-

doned in both balanced and conventional controllers.

On the other hand, the full range of the PS voltage phase
shift between the fault and relay location is required to be
analyzed. To determine the maximum angle of Afg., the sys-
tem is studied at the furthest point from the fault, which is
the IBR location, because increasing the impedance between
the relay and fault location increases the phase shift. Figure
9 represents an equivalent SLD of the PS circuit of Fig. 1,
where Z, is the maximum PS equivalent impedance between
the relay (IBR) and fault location, while the IBR is repre-

sented by a current source of magnitude and phase

®)

]I:ER
0,x—¢". The angle 6;, is the PS voltage angle measured at
the IBR terminal, i.e., the relay location of the maximum
phase shift; and ¢* is the phase shift between the PS voltage
and current of IBR.

Using Fig. 9, the relation between the voltage at the IBR,
i.c., the farthest relay location, and fault location can be de-
termined by:
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Vi Zk

< i ; Relay
L= el £ (09"

+ Ve
4
12 ¢

Vi | 2050= | Zi || Lig | 2 (03— 67+ 05) + |V 207 (9)

where 6}, is the PS voltage angle measured at the fault loca-
tions; and @} is the PS impedance angle.

By decomposing (9) into real and imaginary parts and ap-
plying trigonometric function properties, Ay, can be calcu-
lated as:

Fig. 9. Equivalent SLD of PS circuit.

+
R

7]

]+
AG;,=sin™ | P sin(—¢*+0;) (10)

is select-

To determine the maximum range of AOg, |1,
ed equal to the maximum current limit of IBR, i.e., 1.5 p.u.
[28], while the maximum value of ‘Z} | is determined from
the TL design limitations, which should be designed to al-
low a maximum of 5% voltage regulation at the rated load
[26], [27]. Thus, Z§|z0.1 p-u. while 6,~80°. Since the
IBR injects PS active and reactive currents during faults, ¢"
can vary between 0° and 90°. To obtain the maximum range
of AOg,, ¢ is set at its limits. i.e., 0° and 90°. In the mean-

while, |V ’ varies according to the value of the fault resis-

tance. Thus, A0y, is determined at the minimum and maxi-
mum value of ‘V; | to get the maximum range of Af;. for

different fault resistances. The minimum value of |V; oc-
curs at bolted faults, and it differs according to the fault type
as follows.

1) For SLG fault, the minimum value of ‘V;‘ is 2/3 p.u..

Thus, for bolted fault, the maximum value of Af, in bolted
SLG faults changes from —2.3° to 12.5°.
2) For LLG faults, the minimum value of‘V}‘ = 1/3 p.u..

Thus, for a negligible value of R, the maximum variation
of A&y, for bolted LLG faults changes from —4.5° to 26°.
3) For LL faults, the minimum value of |V; is 0.5p.u..
Hence, for bolted LL faults, the range of A8y, is [-3°, 17.2°].
The maximum value of |VF*| is selected to be 0.9 p.u.,

which is the threshold for a PS relay to operate. Thus, for
high-resistive faults, i.e., high R, in SLG and high R, in LL
(G) faults, the range of Afg. is [-1.7°, 9.5°]. Consequently,
when the IBR injects a balanced current, the TL effect on
the difference between Jj and J;, i.e., Ady, and that be-
tween &% and 69, i.e., Ady, are concluded in Table 1.

2) Following New GCs

The controller of IBR is designed to inject both PS and
NS currents according to recent GC specifications. Thus,
AOy. and AQ;,. are determined by studying the NS and PS
circuits, respectively.

In the NS circuit, the IBR is controlled to inject NS cur-
rent at the IBR terminal, while the conventional power grid
can be represented by a constant impedance. Thus, the re-
duced equivalent SLD of NS circuit can be depicted, as
shown in Fig. 10. Hence, the relation between V', and V. re-
sembles (10) determined for the PS circuit, as follows:
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TABLE I
RANGES OF Adj; AND Ad%, IN CONVENTIONAL CONTROLLER
Fault type R A0y ML) AR (O) AR O)
Bolted 0 [-23,12.8] [-12.8,23] 0
AG High R, 0 [-1.7,95] [-9.5, 1.7] 0
Bolted 0 [-4.5,263] [-263,45] 0
BCG High R, 0 [-4.5,263] [-263,45] 0
High R,, 0 [-1.7,9.5]  [-9.5, 1.7] 0
e Bolted 0 [-3,172]  [-17.2,3] 0
High R,, 0 [-1.7,9.5]  [-9.5, 1.7] 0
Ve Zy Z; Ve
> | » 4 | «
L= 1prl £ Oy ¢) Relay Jlt,;

Fig. 10. Equivalent SLD of NS circuit.

Vi | 200=|Zz || Lsn | £ (00— 87+ 0;) + |V | 265 (11)
Consequently, the value of Af,,. can be inferred by:
|Zi || e

Abz,=sin™ ( —Blsin(—¢™+6;) (12)
1

Recent GCs impose the injection of NS current to reduce

unbalanced voltage during asymmetric faults. For instance,

the German GC, i.e., VDE-AR-N 4120-GC [29], enforces

the IBR to inject NS current according to:

1=KV ] (13)
where /; is an inductive NS reactive current; and K is a con-
stant that can be selected from the range of [2, 6]. Thus, the
maximum NS current is equal to 6|VR’ , while ¢~ =-90°. By
substituting |I,;R | :6‘ Vil, ¢=—90° and assuming |VR'| = ‘V;‘
in (12), the maximum value of Af. is 5.98°. It is worth
mentioning that ’VR’ ’ < |VF’ ‘ Thus, the actual maximum val-

ue of Afy. is less than 5.98°. The actual maximum value of

Al can be determined by substituting |I[;R| :6|VR’ , ¢ =
-90°, and Z,=0.1£80° in (11) as:
V| £2072=0.6| V7 | £(07+170°) + |V | 265, (1)

By solving (14), the actual maximum value of A8, is
3.75°, which could be lower at bolted faults because the cur-
rent is limited to avoid exceeding the maximum current lim-
it. However, this reduction is small; thus, the maximum val-
ue of Af, is considered equal to 3.75° for both bolted and
high-resistive faults, whereas the minimum value is 0° at
faults close to the relay location.

Similarly, the PS circuit can be analyzed as in Subsection
[II-B-1), where the PS current magnitude and power factor
are determined from GC requirements. In the German GC,
the IBR should inject positive-reactive power according to:

1;=K|AV; (15)
where /; is a capacitive PS reactive current. In addition, the

IBR should inject PS active current to achieve the maximum
current limit. Thus, for bolted faults, ¢* is equal to 90° when
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K=6, but it could be reduced to 70° during SLG faults for
K=2. At high-resistive faults, i.e., V;=0.9p.u., ¢* is equal
to 8.8° and 42° when K is equal to 2 and 6, respectively. It
is worth mentioning that is approximately equal to

[IER
1.5 p.u. at high-resistive faults, and this value is reduced at
low-resistive faults to avoid exceeding the maximum current
limit, because the IBR is injecting PS and NS currents simul-
taneously.

Consequently, for bolted faults, Afy, approaches its maxi-
mum value when ¢*=90° and | /3, | = 1.5 p.u., while the min-
imum value occurs when ¢*=70°. On the other hand, during
high-resistive faults, A@,*?F‘ reaches its maximum value when

¢* equals 8.8°. Accordingly, when the IBR is controlled ac-
cording to new GCs, the TL effects on Ad},. and AdY, can be
summarized, as shown in Table II.

TABLE II
RANGES OF Ad}, AND Ad%, WHEN IBR FOLLOWS NEW GCS

Type R, Abzr (°) Az (°) Adge (°) Ady ()

N Bolted [0, 3.8] [1.7,-23] [-1.7,6.1] [0, 3.8]
High R, [0, 3.8] [0, 8.6] [0,-5.1 [0, 3.8]
Bolted [0, 3.8] [0, —4.5] [0, 8.3] [0, 3.8]

BCG  High R, [0, 3.8] [0, —4.5] [0, 8.3] [0, 3.8]
High R, [0, 3.8] [0, 8.6] [0,-5.1 [0, 3.8]
Bolted [0, 3.8] [0, -3] [0, 6.8]

BC High R,, [0, 3.8] [0, 8.6] [0, =5.1]

3) Eliminating Active and Reactive Power Ripples
Active and reactive power ripples introduce challenges in
the IBR control and generate oscillations in the direct cur-
rent (DC) link voltage, which could reduce the lifetime of
the DC link capacitor. Thus, some scholars suggest injecting
NS current with specific magnitude and angle to eliminate ei-
ther active or reactive power ripples. However, they do not
consider the reliable operation of protection functions in
their controllers. The instantaneous active and reactive pow-
er can be deduced from the instantaneous PS and NS cur-
rents and voltages as follows:
P=Vrig+Vaip+ Vaip+ Viiy
b,

(16a)

q=VigiptVigigt VlRi;"'VIRi_g
0.,
where p and ¢ are the instantaneous active and reactive pow-
er, respectively; P,, and Q,, are the oscillating components
of active and reactive power at double the nominal frequen-
cy, respectively; v{, is lagging the PS voltage measured at
the relay v, by 90°; and v, is leading the NS voltage mea-
sured at the relay v, by 90°.
One of the methods to eliminate active power oscillation
is obtained by setting ‘1 ,;R‘ and Z1, as follows:

(16b)

‘
el =

Vil
Ll =07~ ¢"+180°

amn

Consequently, ¢~ is inferred by:
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¢ =¢"+180° (18)
On the other hand, a method to eliminate reactive power
ripples is inferred by calculating |I ,;R| and £, using:

i
il = 1 i (19)
ZIII?R:HI;R_H;R"_ (Q;R_¢+) ZG;R_¢+
Hence, ¢~ should be given by:
g =¢ (20)

It can be observed that |I ,;R| is the same for active and re-

active power ripple elimination; thus, Af,, for these two con-
trol strategies has the same expression. By substituting (17)
into (12), AGy, is formulated by:

| Zz || 25 ||z |

AG,.=sin!
v VeVl

sin( —¢™+6;) 1)

Since the DG fault current is limited, it is assumed that
|VR' | ~ ‘VF‘ ‘ Then, by comparing the result with (10), A8
and A@,, are deduced by:

+
R

+
I IBR

7i]

AG%.=sin™" sin( —g¢*+06;) (22)

Since IBRs inject PS and NS currents simultaneously,
’I ,;R’ is limited to avoid exceeding the current limit of IBR.

By considering current limitations for |1,;R| and |I,;R, AGz,
can be formulated by (23), as elaborated in Appendix B.
1.5|Z;
AO%.=sin™! 1 sin( —¢*+0%) | (23)

2 2
il vl +lvilve

Since ¢" ranges between 0° and 90°, ¢~ varies from 180°
to —90° when the system is controlled to eliminate active
power ripples. Thus, for bolted faults, Ady, is as follows.

1) For SLG faults, || = 2/3 p.u.. while |[V7|=1/3 p.u..
Thus, the range of A8, is [¥1.7°,£9.7°].

2) For LLG faults, |V;|= 1/3 p.u.. Thus, the range of
AOg is [F2.6°,£14.9°].

3) For LL faults, |V,
is [¥1.8°,£9.9°].

Nevertheless, during high-resistive faults, i.e., |VF+

= 1/2 p.u.. Thus, the range of Af;

0.9 p.u., Ab will vary from F1.6° to £9.1°.

On the other hand, ¢~ for eliminating reactive power rip-
ples varies from 0° to 90°. Thus, Ay, is equal to Ay and
the effect of the TL on Ady, can be neglected.

Table III and Table IV summarize the TL effects on Ady,
and AdY,. when the IBR is controlled to eliminate active and
reactive power ripples. It can be inferred that the elimination
of active power ripple can affect Ad,. significantly, e. g.,
—30° in LLG faults with high R, On the other hand, Ady,
can vary from —15° to 15° according to the controller type.
These significant phase shifts can affect the performance of
PSMs and should be taken into consideration when design-
ing PSM zones.
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TABLE III
RANGES OF Ad}, AND Ad%,. WHEN IBR IS CONTROLLED TO ELIMINATE
ACTIVE POWER RIPPLES

Faulttype R, A0w () M0 () AR () Adg ()
G Bolted [-9.7,-1.7] [9.7, 1.7] [-19.4,3.4] [-9.7,1.7]
High R, [-9.1,-1.6] [9.1, 1.6] [-182,32] [-9.1, 16]
Bolted [-14.9, -2.6] [14.9,2.6] [-29.8, 5.2] [-14.9, 2.6]
BCG  High R, [-14.9,-2.6] [14.9,2.6] [-29.8,5.2] [-14.9, 2.6]
High R, [-9.1,-1.6] [9.1, 1.6] [-18.2,3.2] [-9.1, L.6]

Bolted [-9.9, -1.8] [9.9, 1.8] [-19.8, 3.6]

BC High R, [-9.1,-1.6] [9.1, 1.6] [-182,3.2]

TABLE IV

RANGES OF Adg, AND Ad%, WHEN IBR IS CONTROLLED TO ELIMINATE
REACTIVE POWER RIPPLES
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IV. PROPOSED PSM

According to the analysis conducted in Sections II and III,
the ranges for &} and 6% are determined to allow accurate
PSM for different fault resistances, IBR controllers, and
fault locations. First, J; and J% are determined for bolted
and high-resistive faults, as illustrated in Section II. Then,
full ranges of Ad};. and Ay, are determined for bolted and
high-resistive faults, respectively, by selecting the maximum
and minimum shifts deduced from Section III for different
IBR controllers. Hence, the full range of &5 and J% for bolt-
ed and high-resistive faults are determined individually, as
shown in Table V. Lastly, the ranges of &, and % are de-
duced by combing the results from bolted and high-resistive
faults, as presented in Table V.

A. 8% Zones

Fault type R, Abgy- () A3 () ASL () AGY () It can be deduced that 52 for AG and BCG faults can vary
Bolted [-1.7,9.7] [-1.7,97] [0,0] [-1.7,9.77 from —10° to 10° and from —88° to 10°, respectively; thus,
AG HighR, [-1.6,9.1] [-1.6,91] [0,0] [-1.6,9.1] these zones can be combined. Then, by extending the zone
BOltedg [—2.6, 14.9] [—2.6, 14.9] [0} 0] [—2.6, 149] Wldth to 1200, 52 Zones for AG and BCG faults range from
BCG High R, [-2.6,149] [-2.6,149] [0,0] [-2.6, 149] -95° to 25°. Subsequently, BG and CAG faults can be deter-
HighR, [-16,91] [-1691] [0,0] [-1.6,9.1] mined by shifting the BG/CAG zone by —120°, while CG
Bolted  [-18,99] [-18.99] [0.0] and ABG are deducc:d by shifting .the BG/CAG zones by
BC HighR, [-16,91] [-16,91] [0,0] 120°. The proposed J; zones are depicted in Fig. 11.
TABLE V
RANGES OF d% AND d% FOR FAULTS FED BY IBR
Fault type R, Adyr () Adr () 95 () 9 () 9: () 9 ) d; (full range) (°)  p (full range) (°)
Bolted [-20, 6] [-10, 10] ~180 0 [-200, —-174]  [-10, 10]
AG ‘ [~200, -96] [-10, 10]
High [-19, 4] [-10, 10] -100 0 [-119, -96]  [-10, 10]
Bolted [-30, 9] [-15, 15] 0 0 [-30, 9] [-15, 15]
BCG High R, [-30, 9] [-15, 15] 0 -73 [-30, 9] [-88, —65] [30, 72] [-88, 10]
HighR,  [-19,4] [-10, 10] 68 0 [49, 72] [-10, 10]
Bolted [-20, 7] 0 [-20, 7]
BC , [20, 72]
High [-19, 4] 68 [49, 76]
—210° to —90°. Hence, J} zones for SLG faults are deter-
145°, mined as shown in Fig. 12(a), by shifting the AG zone by
25° 120° and —120° for CG and BG faults, respectively. On the
other hand, ¢, zones for BC and BCG faults can be united
p and the range is from —40° to 80°. Lastly, LL(G) zones for
0y 1s inferred as depicted in Fig. 12(b), where AB(G) and
CA(G) are determined by shifting BC(G) zone by —120° and
120°, respectively.
-95° C. Pinpoint Fault Type

Fig. 11. Proposed d% zones.

B. 0} Zones

It can be observed from Table V that J; for AG and BC(G)
faults are different and cannot be combined. Thus, the zones
for AG and BC(G) faults are constructed separately. For an
AG fault, 0} zones range between —200° and —96°. Thus, by
extending the zone to 120°, the range of Jy zones is from

First, 6% is compared with its proposed zones; thus, two
types of faults, e.g., AG and BCG, can be determined. There-
after, 0, is used to differentiate between SLG and LLG
faults. Hence, the fault type is pinpointed, e.g., if J; is with-
in the AG zone; then, an AG fault is identified, but if it is lo-
cated in the BCG zone; then, a BCG fault is determined.
The two types of faults determined by J% zones have differ-
ent zones when using d;. Thus, the fault type can be deter-
mined effectively.
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Fig. 12. Proposed J} zones. (a) SLG zones. (b) LL(G) zones.

V. PERFORMANCE EVALUATION

The accuracy of the fault analysis and the effectiveness of
the proposed PSM are verified using PSCAD/EMTDC simu-
lations, which are carried out for several fault locations, re-
sistances, types, and IBR controllers. Figure 13 represents a
230 kV 60 Hz transmission system that comprises a 50
MVA IBR and three voltage sources [17]. The PS and ZS
impedances for the voltage sources are as follows: Z] =
12.66/83° Q, Z9=11.1/83° Q, Z;=7.76/81° Q, Z'=
5/81° Q, 7,,=12.7/84° Q, and Z°=11.2/84° Q, respec-
tively, where the subscripts 1, 3, and 4 represent the number
of buses connected to a source. The IBR is integrated into
bus 2 through a 100 MVA, 22 kV/230 kV delta/star-ground-
ing transformer. The PS impedance of TLs is Z;;, =(0.0895 +
j0.508)Q/km, while the ZS impedance ZJ,=(0.1791+
j1.015)Y/km. Moreover, the TL lengths for L5, L,s, Ly, and
L, are 155, 100, 110, and 120 km, respectively.

A. Compatibility with Conventional Controllers
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relay and fault locations, and illustrates the TL effects on the
phase shifts between &5, 6% and J;, &9, respectively, when
the IBR is controlled to inject active PS current. The results
in Table VI verify the accuracy of the mathematical analysis
where the TL has a negligible effect on Ady, when the IBR
follows conventional controllers. Furthermore, injecting PS
active current produces a negative value of Ady, whose an-
gle depends on fault conditions. Increasing the distance be-
tween the fault and relay locations increases the value of
|A5;F ‘ For instance, during a bolted BC fault, Ady, is equal
to —8.4° and —5.2° for faults at bus B5 and in the middle of

L,s, respectively. Moreover, the value of |A6};F is inversely
proportional to ’VF* , €.8., Adgr 1s equal to —12.5° and —24.9°
for bolted AG and BCG faults at bus BS5, respectively, where
|V; ~0.67 p.u. and 0.33 p.u., respectively. Further, Ady.=
—12.5° and —9.2° for bolted and high-resistive AG faults, re-
spectively, where ‘VF* ‘ ~0.33 p.u. and 0.9 p.u., respectively.

In addition, Table VI confirms the correctness of the pro-
posed zones in determining the fault type accurately, where
6% and &9 are settled in their corresponding fault type zones,
respectively. For example, J; and Jj are equal to 64.3° and
6.2°, respectively, for a BCG fault at bus 5 with R, =40 Q.
It is worth noting that the proposed PSM is tested at negligi-
ble and immense resistive faults, i.e., R, and R, to ensure
that any other values of R, and R, will not affect the accura-
cy of the proposed PSM.

Source 1 Z,

=X COC—  HHIHC

b

Table VI reports the values of 6* and ¢° measured at the

Fig. 13.

SLD of test system.

TABLE VI
ACTIVE POWER GENERATION WHEN IBR FOLLOWS CONVENTIONAL CONTROLLER

Fault Fault at 50% of L, Fault at bus B5S
R, Q) R, (©Q)
type * ' 0 0RO A () 0O RO AR () 0 0x(O) A () ;) 6RO AR ()
AG 0 180.0 173.3 6.7 0.0 0.0 0.0 180.3 167.8 -12.5 0.0 0.0 0.0
50 -127.6  -130.9 -3.3 0.3 0.4 0.1 -118.7  -126.3 -7.6 0.2 0.5 0.3
0 0.0 -14.7 -14.7 0.0 0.0 0.0 0.0 -24.9 -24.9 0.0 —0.1 —0.1
BCG 0 40 61.1 55.5 5.6 —6.5 —6.5 0.0 73.1 64.3 -8.8 5.6 6.2 0.6
50 0 0.0 -9.0 -9.0 —66.3 —-66.0 0.0 0.0 -17.9 -17.9 —68.9 —-69.0 -0.1
BC 0 0.0 -8.6 -8.6 0.0 -17.4 -17.4
40 55.3 50.1 52 67.0 58.6 —8.4

Table VII demonstrates the effect of conventional control-
ler of IBR on the values of Ad}, and Ady, when the control-
ler injects reactive PS current, and verifies the accuracy of
the proposed zones. In light of the results, the accuracy of
the proposed short-circuit analysis is assured. Similar to Ta-
ble VI, A%, is 0°, while Ad}, has a positive value. The val-
ues of Ady. increases for far faults, e.g., Ady. is 0.8° and
2.3° for faults at 10% and 50% of L,s, respectively. Howev-
er, increasing |VF+ | decreases Adz. For illustration,

Adpr=0.2°, 1°, 1.4°, and 2.3° when |V} | ~0.9, 0.67, 0.5, and
0.3 p.u., respectively, for faults at 50% of L,,. Further, it can
be deduced that J}, 6%, 55, and 8% fall correctly in their fault
type zones. For instance, for a BG fault at 50% of L,; and
R,=509Q, 6;,=-8.5° and d3=-120°, which settle in their cor-
rect zones, respectively. It is worth mentioning that at a high
value of R, 6% is almost similar to a bolted fault condition,
while o7 is shifted by about 60°, as explained in the short-
circuit analysis.
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TABLE VII
REACTIVE POWER GENERATION WHEN IBR FOLLOWS CONVENTIONAL CONTROLLER
Fault type R, (@) R, (Q) Fault at 10% of L, Fault at 50% of L,
=1 5: () 5O A () ) RO AN () () A () ) KO AR 0)

0 —-60.0 -59.8 0.2 -120 -120 0 —-60.0 -59.0 1.0 -120.0  -120 0.0
Ba 50 -8.6 -8.5 0.1 -120 —-120 0 -8.6 -85 0.1 -120.0  -120 —0.1
0 0 120.0 120.8 0.8 -120 -120 0 120.0 1223 23 -120.0 120 0.0
CAG 0 40 169.0 169.6 0.2 —-148 —-148 0 -1789 -178.0 0.9 -127.0 127 0.0
50 0 120.0 120.3 0.3 167 167 0 120.0 121.5 1.5 173.7 174 0.0

cA 120.0 120.3 0.3 120.0 121.4 1.4

40 168.0 168.1 0.2 175.3 176.1 0.8

Figure 14 demonstrates a case study from Tables VI and
VII to ensure the accuracy of the proposed PSM.

100
5T
50
25

0

2251

-50t

275k

-100
1.95

Angle (°)
Angle (°)

210k -
240 : :
1.95 2.05 2.15
Time (s)
(2110 zone; — g,

2.05
Time (s)
(2710 zone; — 57

2.15 2.25

e zone; — g%
(a)

Fig. 14. Performance of proposed PSM during conventional controller. (a)
A BCG fault at bus B5. (b) A BG fault at 50% of L,;.

Figure 14(a) represents a BCG fault at bus BS when the
IBR injects a unity power factor current. The results show
that both §; and &% settle correctly within the proposed
zones in less than half a cycle. In addition, J} and &} are
placed in their zones with adequate margins from their zone
limits, i.e., about 25°. On the other hand, Fig. 14(b) exhibits
the results for a bolted BG fault at 50% of L,; when the
IBR is injecting reactive current. The results show that Jj
and &% are placed in their correct zones under both transient

and steady-state conditions, in which J; is settled at —59°,
while &} is settled at —120°, which is almost equal to the
mathematical results for a bolted BG fault.

B. Compatibility with Recent GCs

In this subsection, the precision of the proposed PSM
when the IBR is controlled to follow the new German GC is
validated. Moreover, the correctness of the mathematical
analysis, which studies the TL effect on A}, and A%, is
confirmed. Table VIII displays the values of &5, % 5, 6%,
Adp and A%, when K=6 for faults at 50% of L,s and bus
B5. All the values of 6} and 6% demonstrated in Table VIII
lay in the proposed zones correctly with the minimum mar-
gins of 10° and 25° for J}; and 6%, respectively. For instance,
when an ABG fault occurs at bus B5 with R, =20 Q, J is
—51.9° and &} is 133°, which are placed in their correct fault
type zones. On the other hand, the zones proposed in [18]
fail to determine the fault type properly. The results show
that the value of AJY, is positive and varies between 1.7° to
3.6°, which coincides with the analysis in Subsection I1I-B-
2). Moreover, Ady, has positive values for bolted faults and
ranges from 4.2° to 6.2° for faults at bus B5. Meanwhile,
Adye is negative for SLG faults when R,=50 Q. For in-
stance, Adp,=—0.8° and —2.5° for a CG fault at 50% of L,
and bus BS, respectively. However, Ady,. is positive for high-
resistive LLG faults because the fault resistance is not suffi-
cient to enforce the IBR to inject active PS current.

TABLE VIII
IBR CONTROLLER FOLLOWING GERMAN GC WHEN K =6

Fault Fault at 50% of L, Fault at bus B5
e @ @ 0 ) () A5 () () () A () 0p () 0x(O) AR () () RO A% ()
G 0 61.0 63.5 2.5 122.0 123.7 1.7 60.5 64.8 43 121.0 124.0 3.0
50 117.4 116.6 -0.8 122.0 123.7 1.7 123.2 120.7 -2.5 121.0 125.0 3.6
0 -120.0  -116.0 3.7 120.0 121.7 1.7 -120.0 -113.8 6.2 120.0 123.0 2.8
ABG 0 20 —67.5 —64.6 2.9 122.0 123.5 1.7 -56.4 -51.9 4.5 130.0 133.0 3.0
50 -1200 -117.0 2.9 53.7 55.4 1.7 -120.0 -115.1 4.9 51.1 53.9 2.8
AB -1200 -117.0 2.8 -120.0 -1152 4.8
20 -76.7 —74.2 2.5 —64.7 —60.6 4.1

Table IX displays the measured values of 6* and ¢° at the
relay and fault locations when K=2. It can be deduced that
AdY has a positive value, and it is affected by the fault loca-

tion. For instance, Ady,=0.3 and 0.8 p.u. for bolted CAG
faults at 10% and 50% of L,s, respectively. In addition,
AdY is almost constant, i.e., Ady,~0.8°, in spite of various
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fault resistances and types, because the IBR current does
not exceed its maximum thermal limit. Nevertheless, the val-
ue of Ady, is affected by fault location and resistance. For
high-resistive faults, i.e., R,=50 Q and R, =20 Q for SLG
and LL(G) faults, respectively, Ady, is negative because the
IBR current is mainly composed of active current compo-
nents. On the other hand, for bolted faults at 50% of L,s, it
can be observed that Ady, is equal to —1.7° for SLG faults,
and 2.3° and 1.4° for LLG and LL faults, respectively,
which is in accordance with the theoretical analysis. The dif-

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 5, September 2024

ference in the signs of Ady. for SLG and LL(G) bolted
faults when K=2 occurs because AV™ is small during SLG
faults; thus, /" is small and the IBR can inject an active PS
current that is responsible for the negative sign. However,
for LL and LLG bolted faults, AV" is sufficient to enforce
the IBR to inject only PS reactive current, which leads to a
positive value of Ady. like the values determined from the
mathematical analysis. The results, also, assert the accuracy
of the chosen fault type zones as all angles lay in their re-
spective zones.

TABLE IX
IBR CONTROLLER FOLLOWING GERMAN GC WHEN K =2

Fault Fault at 10% of L, Fault at 50% of L,
type Re @ R (@ 97 () RO A5 () 5 () RO AR () 5O () A () 5 () () A% ()
BG 0 -59.5 -59.4 0.1 -118 —-118 0.2 -59.4 —61.1 -1.7 -119 —-118.0 0.8
50 -3.5 -4.0 -0.5 -118 —-118 0.1 =52 -8.2 -3.0 -119 —-118.0 0.8
0 120.0 120.8 0.8 -120 -120 0.2 120.0 122.3 2.3 -120 —-119.0 0.8
CAG 20 161.5 161.1 -0.4 —-142 —141 0.2 168.2 166.0 22 -122 —-121.0 0.7
50 120.0 120.4 0.4 167 168 0.2 120.0 121.5 1.5 174 174.5 0.8
120.0 120.3 0.3 120.0 121.4 1.4
A 20 152.2 152.0 -0.2 158.5 157.3 -1.2

Figure 15(a) and (b) exhibits a case study from Tables
VIII and IX, respectively, for faults at 50% of L,; when the
IBR is controlled to follow the new German GC. Figure 15
(a) presents the results for a CG fault when K=6. The val-
ues of d}, and &) are equal to 116.6° and 123.7°, respective-
ly, which are in their corresponding fault type zones. In addi-
tion, it can be observed that the PSM can determine the
fault type in less than half a cycle from the fault inception.
On the other hand, Fig. 15(b) displays the results when
K=2. 6, and &% are placed inside their correct zone and
away from the zone limits by about 30° and 20°, respectively.

150 250r
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3 5 3 0
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225 L L | 2250 L L '
1.95 2.05 2.15 225 1.95 2.05 2.15 225
Time (s) Time (s)
(2710 zone; — g, [1226° zone; — gt
(22107 zone; — % (010" zone; — 6%
(a) (b)
Fig. 15. Performance of proposed PSM when IBR follows new German

GC for a fault at 50% of L,s. (a) A CG fault. (b) A CAG fault.

C. Compatibility with Elimination of Active and Reactive
Power Ripples

In this subsection, the mathematical analysis and the accu-
racy of proposed PSM are verified when the IBR is con-
trolled to eliminate either active or reactive power ripples.
Table X displays the measured angles for faults that take
place on bus B5 when the IBR is injecting PS active current

and eliminating either active or reactive power ripples. It can
be observed from Table X that |A52F’ has almost the same

value in the elimination cases of both the active and reactive
power ripples, but they have opposite signs for Ady. For ex-
ample, AdY, is equal to —8.3° and 8.5°, when the IBR is con-
trolled to eliminate active and reactive power ripples for a
bolted AG fault, respectively. This is because ¢~ is equal to
#"+180° and ¢* for the elimination of active and reactive
power ripples, respectively. In addition, the measured values
match theoretical calculation results, e.g., the maximum cal-
culated value of |A52F‘ in LLG is equal to 14.9°, which is
slightly higher than the measured value 13.7°. This small dif-
ference is expected because the mathematical calculations
are determined when the angle difference between 6}, and 6,
produces the maximum |I . |

In addition, the results verify the accuracy of the calculat-
ed values of Ady, in elimination of both active and reactive
power ripples. For instance, Ady, is almost equal to 0° for
elimination of reactive power ripple, and equals a negative
value that varies according to the fault type and resistance
when the IBR is controlled to eliminate active power rip-
ples. For example, for a BCG fault when the IBR is inject-
ing active current and eliminating active power ripples, Ady
is equal to —24.6°, —15.3°, and —18.5° for bolted, R, =40 Q,
and R, =50 Q, respectively. Furthermore, the measured val-
ues of 65 and &% are placed correctly in their fault type
zones. For example, J; and 6% are equal to —18.5° and
—77.8°, respectively, for a BCG fault with R,=50 Q.

Table XI demonstrates the results when the IBR injects re-
active current and eliminates active or reactive power rip-
ples. It can be observed that A%, and Ady, shown in Table
XI are opposite in sign compared with the results in Table
X, which are in accordance with the mathematical analysis.
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In light of the results of a bolted AG fault, Ad%, is equal to
1.3° and —1.5° for elimination of active and reactive power
ripples, respectively, which are slightly smaller than the max-
imum values determined by mathematical analysis, i.e., 1.7°
and —1.7°, respectively. Further, Ady, is equal to 0 in elimi-
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nation of reactive power ripples, which is in accordance with
mathematical analysis. Moreover, Adz-=2.6°, which is slight-
ly lower than the maximum shift calculated by mathematical
analysis, i.e., 3.4°. Moreover, the results verify the accuracy
of the proposed zones in determining the fault type accurately.

TABLE X
ELIMINATION OF ACTIVE AND REACTIVE POWER RIPPLES WHEN PS CURRENT IS INJECTING ACTIVE CURRENT

Fault R©@ R,© Elimination of active power ripples Elimination of reactive power ripples
type ¢ ! 0p () () A& () 520) RO AR () 5:C) () A% () 3 () () Ad ()
AG 0 177.9 160.9 -17.0 -3.7 -11.9 -8.2 182.4 182.4 0.0 42 12.6 8.4
50 -123.0  -1325 -9.8 -3.8 -10.5 6.7 -116.0  -116.0 0.2 3.6 10.7 7.1
0 0 0.0 —24.6 —24.6 0.0 -11.7 -11.7 0.0 0.0 0.0 0.0 13.7 13.7
BCG 0 40 68.3 53.0 -153 4.0 -3.5 -7.5 74.0 73.9 0.1 8.8 17.0 8.2
50 0 0.0 -18.5 —-18.5 —68.9 -77.8 -8.9 0.0 0.0 0.0 -68.9 -58.9 10.0
BC 0 0.0 -18.2 -18.2 0.0 0.0 0.0
40 61.7 47.0 -14.7 67.5 67.4 —0.1
TABLE XI
ELIMINATION OF ACTIVE AND REACTIVE POWER RIPPLES WHEN PS CURRENT IS INJECTING REACTIVE CURRENT
Elimination of active power ripples Elimination of reactive power ripples
Fault type Rg (Q) Rph (Q) + + + 0 0 0 + + + 0 0 0
00 0x () AG () 6 () 0RO AGR() GO RO AR () () 6r() Ad ()
0 60.4 63.7 33 120.6 121.9 1.3 59.6 59.6 0.0 119.3 117.8 -1.5
ca 50 102.4 104.9 2.5 120.5 121.5 1.0 100.3 100.3 0.0 119.3 117.8 -1.5
0 -120.0 -115.6 4.4 120.0 121.5 1.5 -120.0 -119.9 0.1 120.0 117.7 -2.3
ABG 40 —48.1 —45.3 2.8 127.3 128.4 1.1 -51.0 -51.0 0.0 123.8 122.3 -1.5
50 -120.0 -116.4 3.6 51.1 52.3 1.2 -120.0 -119.9 0.1 65.3 63.5 -1.8
e -120.0 -116.7 33 -120.0  -120.0 0.0
40 -55.0 —52.8 2.2 -57.3 -57.3 0.0

Figure 16(a) displays a sample result from Table X for a
BCG fault with R, =40 Q when the IBR injects active cur-
rent and eliminates reactive power ripples. J3 settles at 17°
because Ad%,=9°, as shown in Table X.

150F
100}
_ 50F
50
2 -50F
<100}
-150¢
-125 : : . -200 : : .
1.95 2.05 2.15 2.25 1.95 2.05 2.15 2.25
Time (s) Time (s)
(2710 zone; — gt (2710 zone; — 5,
(22107 zone; — 6% 122007 zone; — 6%
(a) (b)
Fig. 16. Performance of proposed PSM for a fault at bus B5 during active

and reactive power ripples. (a) A BCG fault. (b) An ABG fault.

This verifies the accuracy of both the mathematical analy-
sis and fault type zones. As shown in Fig. 16(a), J, settles in
its correct zone at 73.9° with a 6° margin from its limit. It is
worth noting that zones in [18] fail to determine this fault
type properly. On the other hand, Fig. 16(b) reveals the dy-
namics of a sample case study from Table XI for an ABG
fault with R,=50 Q, when the IBR injects reactive current

and eliminates active power ripples. The results verify the ac-
curacy of the proposed zones in determining the fault type
while eliminating the active and reactive power ripples. For
instance, d5=—116.4° and §%=52.3°, respectively, which lay
in their correct fault type zones. In addition, the proposed
PSM determines the fault type in less than half a cycle.

D. Comparison with Other PSMs

In this subsection, the proposed PSM is compared against
other methods from the literature to substantiate its superiori-
ty in detecting faulty phase(s) in transmission systems. Fig-
ure 17 displays the results of the PSM measurements during
an AG fault at 90% of L,; with R,=30 Q when the IBR is
controlled to eliminate active power ripples. As observed in
Fig. 17(a)-(c), J} is placed in its correct zone; however, J;
settles outside the correct zone for an AG fault, leading to in-
correct fault classification. On the other hand, Fig. 17(d) val-
idates the accuracy of the proposed PSM in which both &9
and 0} settle inside the proper PSM zone, leading to precise
PSM.

Figure 18 exhibits the results of PSM measurements dur-
ing a BCG fault at 90% of L,; with R,=15 Q when the IBR
follows recent GCs [29]. In Fig. 18(a), both 6% and J}, calcu-
lated according to [21] fall short in settling inside the BCG
zones. Similarly, the adaptive zones in [22], as shown in
Fig. 18(b), fail to maintain % and J} inside the BCG adapt-
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ed zones, causing a failure in detecting the faulty phase cor-
rectly. In Fig. 18(c), J; calculated based on [23] has slightly
exceeded the maximum zone boundary, resulting in inaccu-
rate detection of the faulty phases. On the contrary, the pro-
posed PSM has successfully detected the faulty phases, as
both &% and J} are placed inside their correct zones, as dis-
played in Fig. 18(d). These results verify the accurate opera-
tion of the proposed PSM in transmission systems compared
with other methods in the literature.

60

45|
30
<15
0
-15
2301
45|
-60 : -

1.95 2.05 2.15
Time (s)

[ lopzone; — g,

o

Angle
Angle (°)

|

2.25

! -360 : .
2.05 2.15
Time (s)
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(22 10g zone; — 5% (22 10k zone; — Y

(a) (b)

45 . . ) 2250 . . )
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[ 10p zone; — Gy 6% zone; —
200k zone; — 5%
(© (@)
Fig. 17.  PSM measurements during an AG fault at 90% of L,s. (a) Method

in [21]. (b) Method in [22]. (c) Method in [23]. (d) Proposed PSM.
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Fig. 18. PSM measurements during a BCG fault at 90% of L. (a) Meth-

od in [21]. (b) Method in [22]. (c) Method in [23]. (d) Proposed PSM.
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VI. CONCLUSION

PSM is a prerequisite element for main protection func-
tions and for new controllers that emulate SG fault currents,
though existing PSMs may operate improperly when fault
currents are fed by IBRs. In this paper, the root causes for
the failure of the PSM based on the relative angles between
sequence voltages measured at relay locations, i.e., &% and
Oy, are elaborated. First, short-circuit analysis at the fault lo-
cation is investigated to determine the relative angles be-
tween sequence voltages measured at fault locations, i.e., 6%
and 6. Then, 6} and J}, are deduced by analyzing the TL ef-
fects on the angle difference between sequence voltages mea-
sured at the relay and fault locations. Further, new zones of
PSM are designed to guarantee precise fault type identifica-
tion for different fault resistances. Simulation studies substan-
tiate the effectiveness of the proposed PSM with different
IBR controllers and fault conditions. Future work could in-
vestigate the applicability of using machine learning meth-
ods in determining the faulty phase accurately for various
IBR control strategies while taking into consideration the TL
impact on PSM accuracy.

APPENDIX A

By analyzing the sequence network for a BCG fault shown
in Fig. 4, the sequence voltages are inferred as:
V[;: V,VJ'_II':Rph

V[f"): Vx+119(Rph
Vﬁ:r = Vx +1 ;: Rph
The relations between sequence currents and their corre-
sponding voltages are given by:

+3R,) (A1)

-t
Zth
VO
=L A2
F Z,(;), ( )
- 0
e 22
Zth Zth

Thus, using (A1) and (A2), V7, V2, and ¥} can be given
by:
Zy,
"Zy+ R,
0__ Vr 5 Zt(;l
’ Z,h+Rph+3Rg

F=

(A3)

R
Vi=V 1+ R . Lt
Z,h+Rph Z,,,+Rph+3Rg

Accordingly, V/V; and V/V are determined by:

Vi  Z,Zy+R,+3R,

vy o ZS  Z,+ R,

Ve Zy

i B
N

(A4)
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APPENDIX B

The maximum magnitude of each phase current, i.e., /

peak,, >

can be represented in terms of PS and NS currents as:

Lpeat,,. = (| L |2 + ‘ Lipg |2 +

2| L || Zine | €08 (9 o+ LD = 21 ))* (B
where ¢, , . represents phase shift 0°, —120°, and 120° for
phases a, b, and c, respectively. To avoid any phase current
from exceeding its maximum limit, the limit current 7, is
equivalent to the maximum phase, which is calculated by:

Ipeak: (‘IITBR ‘2+ |I[;3’R |2+

1
2| Lie | L[ max {0 (9, + 25— 2155)f ) (B2)

According to (B2), the maximum value of ‘I,;R‘ is deter-
mined when the value of max{cos(goa’b_yc-i-él,g,?—Ll,gk)} is

the minimum, which is equal to 0.5 when £/, — Z1,,=60°,
180°, or 300°. Thus, the maximum value of |I ,}R| is derived

from:
Ipeak: \/| IIER |2+ |[IE?R ‘2"' |1;;3R ||11;3R| :Ilimit (B3)
By substituting (17) into (B3), |/, ,;R| is obtained by:
2
V+
| 2 v (B4)

R’ =i
N7

By substituting (B4) into (22) and keeping /,,,=1.5 p.u.,
A can be calculated by:

2+\V,;\2+|VR+

Vi |

15| z;|

1

AO%.=sin" sin (—¢*+0;)

Jvil+val +vilval
(BS)
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