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ABSTRACT

The rapid integration of grid-following inverter-based resources (GFL-IBRs) has increased the importance of their dynamic
behaviour during disturbances. Simultaneously, there are increasing number of reports about the misoperation or inadvertent
disconnection of GFL-IBRs during disturbances. This paper attempts to shed light on one of the potential root causes of
disturbance-induced misoperations of GFL-IBRs. A framework is presented to quantify voltage drop and voltage phase angle
jump that appear at the terminals of GFL-IBRs immediately after the inception of various events in the grid such as faults, and
tripping of generators and transmission lines. We demonstrate voltage drop and voltage phase angle jump in the upstream grid
due to various disturbances may transform into severe voltage drop and voltage phase angle jump at the terminals of GFL-IBRs.
The combination of voltage drop and voltage phase angle jump that appear at the terminals of GFL-IBRs is identified as one of the
root causes of their misoperation. Therefore, system-wide studies are required to evaluate the dynamic performance of GFL-IBRs
rather than sole compliance with standards. The importance of system-wide studies is demonstrated through IEEE 39-bus test
system. The impact of voltage drop and voltage phase angle jump in the upstream grid on the dynamic performance of GFL-IBRs
is demonstrated using electromagnetic transient studies.

1 | Introduction To address this challenge, standards such as IEEE 2800 and IEEE

1547 establish the minimum performance requirements of IBRs

Electric power systems are on the cusp of a major transformation
moving away from synchronous generators towards inverter-
based resources (IBRs) to achieve zero-carbon systems [1, 2].
This paradigm shift demands revisiting the performance of IBRs
during disturbances. The IBRs traditionally were expected to stay
connected to the grid only during normal operating conditions
and to disconnect from the grid during disturbances. Yet, this
practice is not acceptable anymore in power systems with the
increasing penetration levels of IBRs as it may cause large
disturbances similar to the Blue Cut Fire event in Southern
California in 2016 [3].

during disturbances [4, 5]. Nevertheless, these standards cannot
enforce uniformity and consistency between the responses of
IBRs during disturbances because there is no standardisation
for the implementation of the control of IBRs [6]. This has
already resulted in the misoperation or inadvertent disconnection
of grid-following inverter-based resources (GFL-IBRs) during
disturbances as evidenced by the events in Odessa, Texas in 2021
and 2022 [7, 8].

The focus of most studies in the literature has been on inves-
tigating the compliance of the response of IBRs to standards
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or developing generic models of GFL-IBRs for dynamic studies
rather than examining the root cause of disturbance-induced
misoperation of GFL-IBRs. A test plan is presented in [9] to verify
that each grid support function of distributed energy resources
operates in accordance with standards. A test plan is presented in
[10] to examine the grid support functions of solar photovoltaic
(PV) inverters in Hawaiian electric distribution feeders. A set
of tests are presented in [11] to examine the impact of grid
support functions in inverters on anti-islanding detection. The
grid support capability and performance of four inverters have
been examined in [12] for Florida Power and Light Company. The
compliance of converter-interfaced resources during balanced
and unbalanced faults with grid code has been studied in [13]
and [14]. A voltage support control strategy is proposed in [15]
to meet grid code requirements. A fault ride through method is
proposed in [16] and its compliance with the reliability guideline
of the North American Electric Reliability Corporation and other
grid codes is investigated.

The generic models of PV systems developed by the Western
Electric Coordinating Council (WECC) are presented in [17]. The
generic PV models developed by WECC are implemented and
validated in [18] using DIESILENT PowerFactory. The generic
Type 4 wind turbine models developed by the International
Electrotechnical Commission (IEC) and WECC are tested and
validated in [19]. Yet, disturbance-induced misoperation of GFL-
IBRs has rarely been investigated in the literature [20-22]. In
[20, 21], the dynamic responses of off-the-shelf residential PV
inverters during disturbances are experimentally examined. It
is demonstrated that disturbances in power systems can cause
disconnection of the PV inverters from the grid in most cases.
In [22], the large voltage phase angle jumps experienced by GFL-
IBRs due to voltage drops are investigated. Moreover, the impact
of frequency support and voltage support in suppressing large
voltage phase angle jumps due to voltage drops are examined
and discussed.

This paper begins by evaluating and comparing voltage drop
and voltage phase angle jump at the terminals of synchronous
generators and GFL-IBRs due to voltage drop and voltage phase
angle jump in the upstream grid. It is demonstrated that in
contrast to synchronous generators, GFL-IBRs can experience
severe voltage drop and voltage phase angle jump at their
terminals due to voltage drop and voltage phase angle jump in
the upstream grid which triggers their misoperation. We also
examine and discuss the influencing factors on determining
voltage drop and voltage phase angle jump at the terminals of
GFL-IBRs. The aforementioned analyses highlighted the need
for characterising disturbance-induced voltage drop and voltage
phase angle jump at the location of GFL-IBRs using system-wide
studies. The main contributions of this paper are as follows:

* Disturbance-induced voltage drop and voltage phase angle
jump at the terminals of synchronous generators and GFL-
IBRs are compared and their differences are highlighted.

* The influencing factors on determining voltage drop and
voltage phase angle jump at the terminals of GFL-IBRs are
examined and discussed.

N
N
o

Xa

snq ayuyy|

FIGURE 1 | Single machine infinite bus model.

* Itis demonstrated that disturbance-induced voltage drop and
voltage phase angle jump in the upstream grid can trigger the
misoperation of GFL-IBRs.

* Itis demonstrated that compliance with existing standards is
not sufficient and system-wide studies are required to test and
validate the dynamic performance of GFL-IBRs.

The remainder of the paper is organized as follows. The classic
single machine infinite bus model is employed in Section 2 to
analytically quantify and compare voltage drop and voltage phase
angle jump at the terminals of synchronous generators and GFL-
IBRs immediately after the inception of disturbances. Moreover,
the influencing factors on determining voltage drop and voltage
phase angle jump at the terminals of GFL-IBRs are discussed.
In Section 3, system-wide analyses are employed to characterise
voltage drop and voltage phase angle jump in the upstream bus of
a GFL-IBR. The impact of voltage drop and voltage phase angle
jump in the upstream grid on the dynamic performance of GFL-
IBRsis demonstrated in Section 4 using electromagnetic transient
(EMT) studies before concluding the paper in Section 5.

2 | An Elementary View of Disturbance-Induced
Voltage Characteristics at the Terminal of SGs and
GFL-IBRs

In this section, we compare the characteristics of voltage drops
and voltage phase angle jumps that appear at the terminals of syn-
chronous generators and GFL-IBRs due to various disturbances
in the upstream grid. The classic single machine infinite bus
model is employed to derive the characteristics of voltage drops
and voltage phase angle jumps.

2.1 | Synchronous Generators

The classic single machine infinite bus model for a synchronous
generator is demonstrated in Figure 1. Without loss of generality,
the pre-disturbance voltage phase angle of the infinite bus is
considered as a reference, that is, £V, = 0. The disturbance in
the upstream grid is modelled by voltage drop equal to 1 — a per
unit and voltage phase angle jump equal to 6 at the infinite bus.
Thus, voltage at the infinite bus is aV,«0 at the instant of the
disturbance inception. The pre-disturbance voltage phasor at the
terminal of the synchronous generator is given in (1). The voltage
phasor at the instant of the disturbance inception is given in (2).

—pre X X
V, =—2_V, 20+ —L2_E 28 1
S 5 A S ol W
Vinstam Xs V.20 Xg B8 5
= £ —LZ
f X+ x, T x T x, @
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FIGURE 2 | Single inverter infinite bus model.
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FIGURE 3 | The control block diagram of GFL-IBRs [23].

where X, and X, denote the reactance of the synchronous
generator and the reactance of the transmission line, respectively.
E; and § denote the field voltage and the rotor angle of the
synchronous generator.

The pre-disturbance voltage magnitude and voltage phase angle
at the terminal of the synchronous generator are given in (3) and
(5), respectively. Voltage magnitude and voltage phase angle at
the instant of the disturbance inception are given in (4) and (6),
respectively.

Thus, voltage at the infinite bus is aV,«6 at the instant of the
disturbance inception. The pre-disturbance voltage phasor at the
terminal of the GFL-IBR is given in (7). Voltage phasor at the
instant of the disturbance inception is given in (8).

Vi =V,20+ jX,I.0, )

—instant

vV, =aV,£0 + jX,1.46, (8)

where X, denotes the reactance of the transmission line. The
GFL-IBR is modelled by a current source with the current I.£8..
It is worth noting that the current of the GFL-IBR in (8) is
considered to be equal to the current in (7). This is because (8)
is derived at the instant immediately after the inception of the
disturbance. Therefore, the fault ride-through mechanism of the
GFL-IBR is not activated yet.

The pre-disturbance voltage magnitude and voltage phase angle
at the terminal of the GFL-IBR are given in (9) and (11),
respectively. Voltage magnitude and voltage phase angle at the
instant of the disturbance inception are given in (10) and (12),
respectively.

v, | = \/ (V, — X1, sin 6,2 + (X,I, cos,)? ©)

|Vinstant| = \/(och cos6 — X,I.sin 0.) + (aV,sin6 + X,I. cos 0.
(10)

—pre XgIc Ccos OC
2V, =arctan —————— (11)
Vg =X, sin6,

—instant aV,sin6 + X,I.cos 6,
ZV, = arctan - (12)
aV,cos0 — X, I, sin6,

2 2

VPl = X Ve + X E;cosé | + X ———E,siné 3)
‘ XX, X X, X,+X, 7
2 2

. aX, X, aX, X,
|Winstant| = \/(X X, V. cosG+X X, Ey cos6> + (X X, |4 sm6+X X Efsmd) 4)
I7 pre ¢ XgEf siné 5)

Zz =arctan —————
XV, + X,E;cosd (
—instant OCXSVg sin 0 +XgEf sind

ZV, = arctan (6)

2.2 | Grid-Following Inverter-Based Resources

The single machine infinite bus model for a GFL-IBR is demon-
strated in Figure 2. The control block diagram of the conventional
GFL-IBRs used in this paper is provided in Figure 3. The
parameters of the controller are provided in the Appendix. Again,
we consider the pre-disturbance voltage phase angle of the
infinite bus as a reference, that is, £V, = 0. The disturbance in
the upstream grid is modelled by voltage drop equal to 1 — a per
unit and voltage phase angle jump equal to 0 at the infinite bus.

aX,V,cos6 + X, E;cosd

2.3 | Comparative Study of Voltage Characteristics
at the Terminal of SGs and GFL-IBRs at the Instant
of Disturbance Inception

In this section, the formulations derived in Sections 2.1 and
2.2 are used to compare voltage characteristics at the terminal
of synchronous generators and GFL-IBRs at the instant of
disturbance inception. In order to develop insight and avoid
complexity, voltage drops and voltage phase angle jumps that
appear at the terminals of synchronous generators and GFL-IBRs
are demonstrated for the following three cases.
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FIGURE 4 | Change in the voltage magnitude due to voltage drop at
the infinite bus for different grid strengths. Synchronous generator and
GFL-IBR cases are shown by dashed and solid curves, respectively.

2.3.1 | Voltage Drop at the Infinite Bus in the Absence of
Voltage Phase Angle Jump

Voltage characteristics at the terminal of synchronous generators
and GFL-IBRs are demonstrated in Figure 4 when voltage drop
occurs at the infinite bus without voltage phase angle jump.

As illustrated in Figure 4, voltage drop at the terminal of the
synchronous generator depends on voltage drop at the infinite
bus. Nevertheless, voltage drop at the terminal of the synchronous
generator is comparatively much smaller than voltage drop at the
infinite bus. This behaviour is due to the voltage source nature
of synchronous generators. It is further worth noting that short
circuit ratio of the grid has intangible impact on voltage drop at
the terminal of the synchronous generator.

In contrast to synchronous generators, voltage drop at the infinite
bus creates significant voltage drop at the terminal of GFL-IBRs as
illustrated in Figure 4. This behaviour is due to the current source
nature of GFL-IBRs. It can further be observed in Figure 4 that the
SCR of the grid is a crucial factor in determining the relationship
between voltage drop at the infinite bus and voltage drop at the
terminal of GFL-IBRs.

Another influencing factor that impacts the relationship between
voltage drop at the infinite bus and voltage drop at the terminal of
GFL-IBRs is the operating point of the GFL-IBR as illustrated in
Figure 5. As illustrated in Figure 5, voltage drop at the terminal of
a GFL-IBR increases from 0.43 to 0.5 pu when the injected active
power of the GFL-IBR changes from 1 to 0 pu for voltage drop
equal to 0.5 pu at the infinite bus. Figure 5 also underlines the
impact of the output power factor of the GFL-IBR. In contrast
to GFL-IBRs, voltage drop at the terminal of a synchronous
generator is unaffected by the active and reactive output of the
synchronous generator.

As illustrated in Figure 6, voltage phase angle jump at the termi-
nal of a synchronous generator is almost independent of voltage
drop at the infinite bus regardless of the grid strength. Again, this
is because of the voltage source nature of synchronous generators.

In contrast to synchronous generators, voltage phase angle jump
at the terminal of a GFL-IBR highly depends on voltage drop at
the infinite bus. It can be observed in Figure 6 that the SCR of the
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FIGURE 5 | Change in the voltage magnitude due to voltage drop
equal to 0.5 pu at the infinite bus for different operating points. Syn-
chronous generator and GFL-IBR cases are shown by dashed and solid
curves, respectively.
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FIGURE 6 | Change in the voltage phase angle jump due to voltage
drop at the infinite bus for different grid strengths. Synchronous generator
and GFL-IBR cases are shown by dashed and solid curves, respectively.
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FIGURE 7 | Change in the voltage phase angle jump due to voltage
drop equal to 0.5 pu at the infinite bus for different operating points.
Synchronous generator and GFL-IBR cases are shown by dashed and solid
curves, respectively.

grid is a critical factor in determining the relationship between
voltage drop at the infinite bus and voltage phase angle jump
at the terminal of GFL-IBRs. This behaviour is again due to the
current source nature of GFL-IBRs.

Another determining factor that impacts the relationship
between voltage drop at the infinite bus and voltage phase angle
jump at the terminal of GFL-IBRs is the operating point of the
IBR as illustrated in Figure 7. As illustrated in Figure 7, voltage
phase angle jump at the terminal of the GFL-IBR increases from
0° to 27° when the injected active power of the GFL-IBR changes
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FIGURE 8 | Change in the voltage magnitude due to voltage phase
angle jump at the infinite bus for different grid strengths. Synchronous
generator and GFL-IBR cases are shown by dashed and solid curves,
respectively.

from 0 to 1 pu for voltage drop equal to 0.5 pu at the infinite bus.
Figure 7 also underlines the impact of the output power factor of
the GFL-IBR. For example, voltage phase angle jump increases
from 11° to 27° when power factor changes from 0.88 lagging to
0.88 leading.

As demonstrated in this section, voltage drops at the upstream
grid can create severe voltage phase angle jumps at the terminal of
GFL-IBRs. The protection of GFL-IBRs are required to disconnect
the inverter within sub-cycle-to-cycle for voltage phase angle
jumps larger than 20° based on the IEEE standard 1547. This
may create challenges for the successful fault ride-through of
GFL-IBRs depending on the dynamics of the phase-locked loop
(PLL) of the GFL-IBRs. The impact of PLL dynamics and possible
loss of synchronism due to voltage drop at the upstream grid
has been investigated in [22]. Nevertheless, the impact of voltage
phase angle jump at the upstream grid on voltage drop and
voltage phase angle jump has never been studied previously in
the literature which is discussed in the next section.

2.3.2 | Voltage Phase Angle Jump at the Infinite Bus in
the Absence of Voltage Drop

Voltage characteristics at the terminal of synchronous generators
and GFL-IBRs are demonstrated in Figure 8 when voltage phase
angle jump occurs at the infinite bus without voltage drop.

Asillustrated in Figure 8, voltage phase angle jump at the infinite
bus has trivial impact on voltage drop at the terminal of a
synchronous generator. As shown in Figure 8, even voltage phase
angle jumps as large as 60° does not create voltage drop more than
0.2 pu at the terminal of a synchronous generator regardless of the
grid strength.

In contrast to synchronous generators, voltage phase angle jump
at the infinite bus can create significant voltage drops at the
terminal of GFL-IBRs as illustrated in Figure 8 depending on the
SCR of the grid. This behaviour can be explained by the current
source nature of GFL-IBRs.

Voltage drops created at the terminal of the GFL-IBRs by
voltage phase angle jump in the upstream grid can impact their
behaviour during disturbances. This is because the fault ride-
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FIGURE 9 | Change in the voltage magnitude due to voltage phase
angle jump equal to —30° at the infinite bus for different operating points.
Synchronous generator and GFL-IBR cases are shown by dashed and solid
curves, respectively.

through mechanism of GFL-IBRs is voltage-based. It is worth
noting that voltage drop induced by voltage phase angle jump at
the terminal of the GFL-IBR disappears as the PLL locks to the
new voltage phase angle. As such, the performance of the GFL-
IBR in response to voltage drop caused by voltage phase angle
jump at the upstream grid depends on the dynamics of the PLL
in GFL-IBRs. This underlines the importance of EMT studies.

An important observation in Figure 8 is that positive voltage
phase angle jump creates voltage rise at the terminal of the GFL-
IBR. Voltage rise at the terminal of the GFL-IBRs due to the
positive voltage phase angle jump can trigger the overvoltage
protection and disconnect the IBR. Voltage rise induced by the
positive voltage phase angle jump at the terminal of the GFL-IBR
disappears as the PLL locks to the new voltage phase angle. As
such, the operation of the instantaneous overvoltage protection
of GFL-IBRs depends on the dynamics of the PLL. This again
underlines the importance of EMT studies.

Another factor that impacts the relationship between voltage
phase angle jump at the infinite bus and voltage drop at the
terminal of GFL-IBRs is the operating point of the IBR as
illustrated in Figure 9. As illustrated in Figure 9, voltage drop at
the terminal of the GFL-IBR increases from O to 0.13 pu when the
injected active power of the IBR changes from 0 to 1 pu for voltage
phase angle jump equal to 30° at the infinite bus.

As illustrated in Figure 10, voltage phase angle jump at the
terminal of the synchronous generator is almost independent of
voltage phase angle jump at the infinite bus regardless of the grid
strength. Again, this is because of the voltage source nature of
the synchronous generator. This explains why in classic studies
disturbance-induced voltage phase angle jump at the infinite bus
was not a major concern.

In contrast to synchronous generators, voltage phase angle jump
at the terminal of the GFL-IBRs highly depends on voltage
phase angle jump at the infinite bus. It can further be observed
in Figure 10 that the SCR of the grid is a crucial factor in
determining the relationship between voltage phase angle jump
at the infinite bus and voltage phase angle jump at the terminal
of the GFL-IBRs.

Another factor that influences the relationship between voltage
phase angle jump at the infinite bus and voltage phase angle jump
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FIGURE 10 | Change in the voltage phase angle jump due to voltage
phase angle jump at the infinite bus for different grid strengths. Syn-
chronous generator and GFL-IBR cases are shown by dashed and solid
curves, respectively.
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FIGURE 11 | Change in the voltage phase angle jump due to voltage
phase angle jump equal to —30° at the infinite bus for different operating
points. Synchronous generator and GFL-IBR cases are shown by dashed
and solid curves, respectively.

at the terminal of the GFL-IBRs is the operating point of the IBR
asillustrated in Figure 11. As illustrated in Figure 11, voltage phase
angle jump at the terminal of the GFL-IBR can increase from 30°
to 41° when the injected active power of the GFL-IBR changes
from 1 to O pu for the voltage phase angle jump equal to 30° at the
infinite bus. Figure 11 also underlines the impact of the output
power factor of the GFL-IBR. For example, voltage phase angle
jump increases from 28° to 41° when power factor changes from
0.88 lagging to 0.88 leading.

2.3.3 | A Combination of Voltage Drop and Voltage
Phase Angle Jump at the Infinite Bus

The findings in the previous sections underline the importance
of considering both voltage drop and voltage phase angle jump
when analysing the behaviour of GFL-IBRs during disturbances.
In this section, the impact of a combination of voltage phase angle
jump and voltage drop at the infinite bus on voltage characteristic
at the terminal of synchronous generators and GFL-IBRs are
examined based on the formulations derived in Sections 2.1 and
2.2.

As illustrated in Figure 12, voltage drop and voltage phase
angle jump at the terminal of a synchronous generator is not
substantially impacted by voltage drop and voltage phase angle

(a)

t

A2V, [degree]

(b)

AV, [pu]

L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
AWV, fpul

FIGURE 12 | Change in (a) voltage phase angle and (b) voltage
magnitude of a synchronous generator due to a combination of voltage
drop and voltage phase angle jump at the infinite bus when SCR = 4.
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FIGURE 13 | Change in (a) voltage phase angle and (b) voltage
magnitude of a GFL-IBR due to a combination of voltage drop and voltage
phase angle jump at the infinite bus when SCR = 4.

jump at the infinite bus. For example, consider a case in which
voltage drop and voltage phase angle jump at the infinite bus
are 0.5 pu and zero, respectively. Voltage drop and voltage phase
angle jump at the terminal of the synchronous generator are
equal to 0.14 pu, and 2.5°, respectively. Voltage drop of 0.5 pu
with voltage phase angle jump of —30° at the infinite bus creates
voltage drop of 0.17 pu and voltage phase angle jump of —2° at the
terminal of the synchronous generator. Moreover, voltage drop
of 0.5 pu with voltage phase angle jump of 30° at the infinite
bus creates voltage drop of 0.13 pu and voltage phase angle
jump of 7.5° at the terminal of the synchronous generator. As
illustrated in Figure 12, voltage drop changes at the terminal of
the synchronous generator caused by voltage phase angle jump
at the infinite bus is intangible.

In contrast to synchronous generators, voltage drop and voltage
phase angle jump at the terminal of a GFL-IBR is highly
dependent on both voltage drop and voltage phase angle jump
in the upstream grid as illustrated in Figure 13. Figure 13 clearly
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FIGURE 14 | Change in (a) voltage phase angle and (b) voltage
magnitude of a GFL-IBR due to a combination of voltage drop and voltage
phase angle jump at the infinite bus when SCR = 2.5.

indicates the impact of the combination of voltage drop and
voltage phase angle jump at the upstream grid in determining
voltage drop and voltage phase angle jump that appears at the
terminal of a GFL-IBR.

As illustrated in Figure 13, all the curves converge to the same
point for severe voltage drops at the infinite bus. This indicates
when the voltage drop at the infinite bus is severe the impact
of voltage phase angle jump is intangible. Thus, the impact of
voltage phase angle jump can be ignored for GFL-IBRs that are
close enough to the location of a severe fault. Nevertheless, the
combination of voltage drop and voltage phase angle jump must
be considered for understanding the dynamic behaviour of the
GFL-IBRs that are far enough from the location of a disturbance
not to experience severe voltage drops at their upstream bus. This
observation can further explain why a fault hundreds of miles
away can trigger voltage phase jump protection of GFL-IBRs as
observed in the Odessa events in 2021 and 2022. It is worth noting
that the combination of voltage drop and voltage phase angle
jump at the upstream grid have higher impact on GFL-IBRs in
weaker grids as illustrated in Figure 14.

2.4 | Special Case of Voltage Phase Angle Jump
Recovery at the Instant of the Fault Clearance

In this section, we demonstrate the instantaneous overvoltage
protection can be triggered by the dynamic response of GFL-
IBRs to voltage phase angle jump recovery at the instant of the
fault clearance. This was one of the largest contributors to the
tripping of the GFL-IBRs in the Odessa disturbance events in 2021
and 2022.

The methodology used here is similar to the methodology
employed in Section 2.2. However, we need to consider the fault
ride-through mechanism of the GFL-IBR. The current output of
the inverter during the fault is regulated by the terminal voltage
magnitude of the inverter. In order to avoid overly complicated
analysis, the following assumptions are made: (1) The PLL is
synchronised to the new phase angle after the fault occurrence;
(2) the voltage support mechanism is active; (3) the PLL phase

Dipul

post

t

Converter Voltage (|V

0 10 20 30 40 50 60 70 80 90
Phase Jump at the Fault Clearance (Hpj) [Degree]

FIGURE 15 | Voltage magnitude at the terminal of the GFL-IBR at
the instant of the fault clearance for different grid strengths.

angle and the IBR current remain unchanged right after the fault
clearance; and (4) the current controller loop is ideal.

The output current of the IBR can be derived considering the
above mentioned assumptions as given in (13)-(14).

[0 = min {Imax, Kooy X (1 — fo‘;“)} (13)

. P
[ = min { B = (U519, } (14)

fault
Vt,d

where I and V" denote the IBR current and voltage during
fault in the d axis, respectively. I(y" and V%" denote the IBR
current and voltage during fault in the g-axis, respectively. fo‘;“ is
assumed to be zero. I,,,, denotes the maximum allowable current
of the inverter. K, ., denotes the voltage support parameter of the
inverter. P denotes the pre-disturbance reference active power of
the inverter.

The upstream bus voltage during fault and after the fault clear-
ance is given by (15) and (16), respectively. 6,,; denotes the voltage
phase angle recovery at the instant of the fault clearance. Voltage
at the terminal of the GFL-IBR is calculated by (17) at the instant
of the fault clearance.

|V£ault|46£ault — thault _ Xglgaull (15)
—post fault fault
g =12 (65" +6,,) (16)
—post fault .. —fault  _post fault
vV, =jX,l. +V, a7)

Figure 15 illustrates the voltage magnitude at the terminal of

the GFL-IBR at the instant of the fal%lft lctlearance. As illustrated
—post fau;

in Figure 15, the magnitude of Vf never violates the 1.3

pu threshold when recovery voltage phase angle jump at the
. . —post fault
upstream grid is 0°. However, the magnitude of V, exceeds

the 1.3 pu threshold when the recovery voltage phase angle jump
at the upstream grid is large enough. This can trigger the instan-
taneous overvoltage protection. Recently, it is recommended by
NERC in [8] to both increase the time delay and setting of the
instantaneous overvolatge protection. As suggested in [8], further
study are needed to confirm the effectiveness of the proposed
solution. Figure 15 illustrates that the proposed solution may not
be sufficient in some cases.
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FIGURE 16 | Voltage magnitude at the terminal of the GFL-IBR at
the instant of the fault clearance for different K¢, ctor-

There are several influencing factors that impacts the voltage
magnitude rise at the terminal of the GFL-IBRs due to recovery
voltage phase angle jump at the upstream grid such as Ky, and
the strength of the grid. Figure 16 illustrates the impact of K,

—post fault
on the V, . As expected, the voltage rise magnitude and the

possibility of triggering the overvoltage protection increases at
higher Ky, values. It is worth noting that the results presented
here are produced considering the above mentioned assumptions.
Thus, EMT studies are required to obtain more accurate results
and check the possibility of harmful overvoltage conditions.

3 | System-Wide Analyses of Disturbance-Induced
Voltage Drop and Voltage Phase Angle Jump

In the previous sections, it is demonstrated voltage characteristics
at the terminals of GFL-IBRs are determined by voltage drop
and voltage phase angle jump at the upstream grid. In this
section, we demonstrate voltage drop and voltage phase angle
jump at the upstream bus of a GFL-IBR heavily depend on the
type and location of the disturbance. As such, we assert that
compliance with existing standards is not sufficient to guarantee
the proper dynamic performance of GFL-IBRs. Instead, system-
wide analyses are required to characterise the characteristics
of voltage drop and voltage phase angle jump that might be
experienced by the GFL-IBR based on its point of connection to
the grid. Afterward, the dynamic performance of GFL-IBRs must
be tested and verified based on the characteristics of voltage drop
and voltage angle jump obtained through system-wide studies.

The IEEE 39-bus test system, shown in Figure 17, is employed
to demonstrate the significance of the system-wide studies for
determining the characteristics of voltage drop and voltage phase
angle jump at different buses of a grid. The characteristics of
voltage drop and voltage phase angle jump at different buses of
the IEEE 39-bus test system are illustrated in Figures 18-20 for
the cases of mid-line faults, generator tripping and transmission
line tripping, respectively. For the sake of conciseness, the results
are presented only for bus 16 and bus 29 of the IEEE 39-bus test
system. It is assumed that GFL-IBRs will be connected to buses of
the IEEE 39-bus test system through transmission lines.

Figure 18 illustrates voltage drops and voltage phase angle jumps
experienced at bus 16 and bus 29 of the IEEE 39-bus test system
due to the occurrence of mid-line faults at the transmission
lines 7, 12, 17, 22, 28, and 42. It is worth noting that these

37

35

FIGURE 17 | IEEE 39-bus test system.
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FIGURE 18 | Voltage drop and voltage phase angle jump experi-
enced at bus 16 (illustrated by solid squares) and bus 29 (illustrated by
solid circles) for the occurrence of mid-line faults at the transmission lines

7 (brown), 12 (blue), 17 (red), 22 (green), 28 (magenta), 42 (cyan).

voltage drops and voltage phase angle jumps may aggravate at
the terminal of the GFL-IBRs depending on the SCR of the
connecting transmission line and the operating point of the GFL-
IBRs. As illustrated in Figure 18, bus 16 experiences voltage phase
angle jump around 40° when voltage drop is between 0.3 and 0.4
pu. This is while bus 29 experiences voltage phase angle jump
around 35° when voltage drop is less than 0.2 pu.

Figure 19 illustrates voltage drops and voltage phase angle jumps
experienced at bus 16 and bus 29 of the IEEE 39-bus test system
due to tripping of generators 2, 4, 6, 8, 9, and 10. Voltage phase
angle jumps at bus 16 never exceed —6°. Nevertheless, bus 29 can
experience voltage phase angle jump as large as —28°. Voltage
phase angle jump of —28° in the upstream bus of a GFL-IBR
not only can trigger voltage phase angle jump protection of the
inverter but also can activate the fault ride through mechanism of
the GFL-IBR despite the small voltage drop at the upstream bus.

Figure 20 illustrates voltage drops and voltage phase angle jumps
experienced at bus 16 and bus 29 of the IEEE 39-bus test system
due to tripping of transmission lines 3, 11, 12, 17, 26, and 34. As
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FIGURE 19 | Voltage drop and voltage phase angle jump experi-
enced at bus 16 (illustrated by solid squares) and bus 29 (illustrated by
solid circles) for the tripping of generators 2 (blue), 4 (green), 6 (cyan), 8
(magenta), 9 (yellow) and 10 (red).
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FIGURE 20 | Voltage drop and voltage phase angle jump experi-
enced at bus 16 (illustrated by solid squares) and bus 29 (illustrated by
solid circles) for disconnection of transmission lines 3 (brown), 11 (green),
12 (cyan), 17 (magenta), 26 (red) and 34 (blue).

illustrated in Figure 20, bus 16 never experiences voltage drops
lower than 0.31 pu. This is while bus 29 experiences voltage drops
larger than 0.31 pu for tripping of several transmission lines. This
voltage drops can create large voltage drops and voltage phase
angle jumps at the terminal of GFL-IBRs connected to bus 29.

Figures 18-20 highlight the differences in voltage characteristics
experienced at different buses in a power system. These differ-
ences can translate into huge differences in voltage drop and
voltage phase angle jump at the terminal of GFL-IBRs depending
on the SCR of the connecting transmission line. Moreover, as
illustrated in Figures 18-20, faults on transmission lines and
transmission line tripping usually create positive voltage phase
angle jump while generator tripping create negative voltage phase
angle jump. Positive voltage phase angle jump with small voltage
drop in the upstream grid can cause instantaneous overvoltage
at the terminal of the GFL-IBR and its switches as discussed in
Section 2.

4 | Electromagnetic Transient Studies

Phasor-domain analysis is employed in Section 2 to characterise
voltage drop and voltage phase angle jump at the terminal of GFL-
IBRs at the instant of disturbance occurrence. In this section,
EMT simulations are conducted using MATLAB Simulink to test
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100~ i} —-AV_=0.8 pu,
[ i e
2 e ——
o 80 iy it e
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B oind i
TR TR At bl
0
20 20.005 20.01 20.015 20.02 20.025 20.03 20.035 20.04
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FIGURE 21 | (a) Voltage magnitude and (b) voltage phase angle at
the terminal of a GFL-IBR in case of voltage drop without voltage phase
angle jump at the upstream bus for grid strength equal to 3.

and verify the previous results. A Type 4 wind generator equipped
with low voltage ride through mechanism is used as a GFL-IBR
in the simulations. The parameters of the wind generator are
provided in the Appendix.

4.1 | Voltage Drop Without Voltage Phase Angle
Jump

Figure 21 illustrates the EMT simulations for the single machine
infinite bus model when there is voltage drop without voltage
phase angle jump at the infinite bus. The SCR of the grid between
the infinite bus and GFL-IBR is considered to be equal to 3.
As illustrated in Figure 21, voltage drop at the upstream grid
can create large voltage phase angle jump at the terminal of
the GFL-IBR. This study is focused on disturbances caused by
transmission line switching where voltage drop with small phase
angel jumps occur.

4.2 | Voltage Phase Angle Jump Without Voltage
Drop

Figure 22 illustrates the EMT simulations for the single machine
infinite bus model when there is voltage phase angle jump
without voltage drop at the infinite bus. The SCR of the grid
between the infinite bus and GFL-IBR is again considered to be
equal to 3. As illustrated in Figure 22, voltage phase angle jump
at the upstream grid not only creates voltage phase angle jump at
the terminal of the GFL-IBR but also changes voltage magnitude
at the terminal of the GFL-IBR. As previously discussed, positive
and negative voltage phase angle jumps at the upstream grid
create voltage rise and voltage drop at the terminal of the GFL-
IBR, respectively. This study is focused on disturbances caused
by generator tripping.

Figure 23 illustrates the impact of the grid strength on the voltage
characteristics at the terminal of a GFL-IBR. As illustrated in
Figure 23, the grid strength also impacts the dynamics of the PLL
in the GFL-IBR. Figure 24 illustrates the impact of the operating
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FIGURE 22 | (a) Voltage magnitude and (b) voltage phase angle at
the terminal of a GFL-IBR in case of voltage phase angle jump without
voltage drop at the upstream bus for grid strength equal to 3.
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FIGURE 23 | (a) Voltage magnitude and (b) voltage phase angle at
the terminal of a GFL-IBR in case of voltage phase angle jump equal to
—30° without voltage drop at the upstream bus for different grid strengths.

point on the voltage characteristics at the terminal of a GFL-
IBR. As discussed in Section 2.3, the impact of operating point
on voltage drop is more considerable compared to voltage phase
angle jump.

4.3 | A Combination of Voltage Drop and Voltage
Phase Angle Jump

Figure 25 illustrates voltage drops and voltage phase angle jumps
at the terminal of a GFL-IBR for various voltage phase angle
jumps at the upstream grid when voltage drop at the upstream
grid is equal to 0.5 pu. The grid strength is considered to be equal
to 4. As shown in Figure 25, voltage drop at the terminal of the
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Time [s]

FIGURE 24 | (a) Voltage magnitude and (b) voltage phase angle at
the terminal of a GFL-IBR in case of voltage phase angle jump equal to
—30° without voltage drop at the upstream bus for different operating
points.
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FIGURE 25 | (a) Voltage magnitude and (b) voltage phase angle at
the terminal of a GFL-IBR in case of voltage drop equal to 0.5 pu and
different voltage phase angle jumps at the upstream bus when SCR = 4.

GFL-IBR significantly depends on the voltage phase angle jump
in the upstream grid even when the voltage drop at the upstream
grid is fixed. As illustrated in Figure 26, the dynamic response of
the GFL-IBR may become completely different depending on the
voltage phase angle jump at the upstream grid. It is worth noting
that severe voltage drops at the upstream grid mask the impact
of voltage phase angle jump at the upstream grid on dynamic
response of the GFL-IBR as illustrated in Figure 27. This study
is focused on disturbances caused by faults.

Figures 25 and 27 confirm that anti-islanding protection based on
voltage phase angle jump is prone to misoperation. As illustrated
in these figures, disturbances other than IBR islanding can cause
voltage phase angle jumps as large as 60°. A report from National
Grid Electric System Operator (ESO) has recently suggested that
IBRs should ride-through phase angle jumps as large as 60° [24].
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FIGURE 26 | (a) Fundamental component of the terminal voltage
and (b) output active power, and (c) output reactive power of a GFL-IBR
in case of voltage drop equal to 0.5 pu and different voltage phase angle
jumps at the upstream bus when SCR = 4.
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FIGURE 27 | (a) Voltage magnitude and (b) voltage phase angle at
the terminal of a GFL-IBR in case of voltage drop equal to 0.8 pu and
different voltage phase angle jumps at the upstream bus when SCR = 4.

4.4 | Special Case of Voltage Phase Angle Jump
Recovery at the Instant of the Fault Clearance

Figure 28 illustrates the voltage rise at the terminal of the GFL-
IBR after the fault clearance. As shown in Figure 28, voltage
phase angle jump at the instant of the fault clearance plays
a critical role in determining the voltage rise at the terminal
of the GFL-IBR. It is worth noting that voltage rise after fault
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Time [s]

FIGURE 28 | Voltage magnitude at the (a) terminal, (b) converter of
a GFL-IBR at the instant of fault clearance for voltage drop equal to 0.5
pu and different voltage phase angle jumps at the upstream bus when
SCR =4.
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FIGURE 29 | Voltage magnitude at the converter of a GFL-IBR at the
instant of fault clearance for voltage drop equal to 0.5 pu at upstream bus
and different Ky, (o;-

clearance is not concerning when voltage phase angle jump due
to fault clearance is equal to zero. Recently, it is recommended
by NERC in [8] to both increase the time delay and setting of
the instantaneous overvolatge protection to avoid its operation
during fault clearance. Figure 28 indicates that the proposed
solution may not be sufficient in some cases.

Figure 29 illustrates the impact of Ky, on the voltage rise due to
fault clearance. As shown in Figure 29, a higher K, increases
the voltage rise due to fault clearance. Figure 30 illustrates the
impact of SCR on the voltage rise due to fault clearance. As
shown in Figure 30, SCR may impact the voltage rise due to fault
clearance differently depending on the voltage phase angle jump
at the upstream grid. The voltage rise due to fault clearance is
higher at high SCRs when the voltage phase angle jump in the
upstream grid is small. Conversely, the voltage rise due to fault
clearance is smaller at high SCRs when the voltage phase angle
jump in the upstream grid is large. This is discussed in detail in
Section 2.4.
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FIGURE 30 | Voltage magnitude at the terminal of a GFL-IBR at the
instant of fault clearance for voltage drop equal to 0.5 pu and voltage phase
angle jump equal to (a) —30° and (b) —60° for different grid strengths.

5 | Conclusion

This paper investigated the root cause of disturbance-induced
misoperation of GFL-IBRs. It is demonstrated that in contrast to
synchronous generators, GFL-IBRs can experience severe voltage
drop and voltage phase angle jump at their terminals due to
voltage drop and voltage phase angle jump in the upstream grid.
It is further demonstrated that grid strength and operating point
of the GFL-IBRs are critical factors in determining the voltage
characteristics at the terminal of GFL-IBRs during disturbances.
It is demonstrated that voltage drop and voltage phase angle jump
at the terminal of GFL-IBRs depend on the type and location
of the disturbance. As such, the dynamic performance of the
GFL-IBRs are required to be investigated and verified based on
system-wide studies rather than sole compliance with generic
response requirements described by standards such as IEEE 1547
and IEEE 2800.
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Appendix

2 MVA PMSG, Kiyetor = 2, PIyy = 35.5+631.6/s, PIp = 0.001+314.2/s, PIo =
0.1+50/s, PI; = 0.962+36.3/s, L; = 0.2 pu, R; = 0.02 pu, C; = 0.05 pu.
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