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ABSTRACT Integration of grid-forming inverter-based resources is considered as a viable solution to
address the challenges associated with the dynamics of power systems with high penetration levels of
inverter-based resources. Yet, various aspects of dynamic behaviour of grid-forming inverters during
disturbances have remained unknown. This paper for the first time introduces the concept of pole slipping
in grid forming inverters, referring to the loss of synchronism where the inverter’s internal phase angle
deviates beyond 180° with respect to the grid, similar to synchronous generators losing step. It is revealed
that this event in grid forming inverters can be stable or unstable. The differences between stable and
unstable pole slipping are highlighted. The determining factors for the occurrence of stable and unstable
pole slipping in grid forming inverters and equipment-level implications of pole slipping are identified and
studied. A solution is proposed to mitigate stable and unstable pole slipping in grid-forming inverters by
adjusting the operating reference power during the disturbance. The validity of the proposed concept of
pole slipping in grid forming inverters and the proposed solution is tested and verified through extensive
time-domain simulations and experimental results. The results verify that pole slipping is more likely to
happen in high short circuit ratios (SCRs). It is revealed that unstable pole slipping does not occur at SCRs
lower than 3.5. Simulation and experimental results demonstrate that a phase jump as small as 10° may lead
to instability in a grid with SCRs equal or higher than 10. This is while in lower SCRs such phase jumps
result in long fault recovery without causing pole slipping.
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I. INTRODUCTION

Electric power systems are undergoing a rapid transfor-
mation as inverter-based clean energy resources increas-
ingly replace fossil fuel-based synchronous generators [1].
Among these clean energy resources, grid-following inverter-
based resources (GFL-IBRs) dominate current installations.
Unlike synchronous generators, GFL-IBRs inherently lack
the capability for voltage and frequency regulation, which
leads to a deterioration in power system dynamics as their
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penetration increases [2], [3]. Furthermore, GFL-IBRs rely
on phase-locked loops (PLLs) for synchronization with the
grid, a mechanism that makes them particularly prone to
instability in weak grid scenarios [4], [5].

To address these challenges, grid-forming inverter-based
resources (GFM-IBRs) have emerged as a promising solution
to enhance the stability of low-carbon power systems. GFM-
IBRs emulate the behavior of synchronous generators by
regulating voltage and frequency while also eliminating the
challenges associated with PLL-based synchronization [6].
However, the current output of GFM-IBRs is typically
restricted to 1.2 per unit (pu), unlike synchronous generators
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that can deliver fault currents exceeding seven pu. This
limited fault current capability poses challenges for transient
stability and protection in power systems [7], [8].

The dynamic behavior of GFM-IBRs during disturbances
has been the focus of significant research in recent years.
Some studies have explored GFM-IBRs performance under
various fault conditions, investigating the impact of fault
type and severity on system stability [9], [10], [11], [12].
In [13], a strategy has been proposed to mitigate instability
during transitions from voltage control to current control.
A methodology for optimizing current reference angles
to enhance transient stability has been presented in [14].
Advanced current limiter designs have been introduced
in [15] and [16] to improve fault recovery. Furthermore, the
stability of GFM-IBRs equipped with circular current limiters
has been analyzed in [17]. Chetaev’s instability theorem has
been employed to derive instability conditions. Enhanced
droop-based control strategies and equivalent circuit models
have been developed in [18] and [19] for transient stability
analysis of GFM-IBRs.

While existing studies provide valuable insights into
GFM-IBR stability under voltage drops, various aspects
of the transient response of grid-forming inverters during
disturbances have remained unexplored. The majority of
existing studies neglect the combined effects of voltage
phase angle jumps and voltage drops which are common
occurrences in transmission systems during disturbances as
discussed in [20], [21], and [22]. In particular, the effect
of voltage phase angle jump on the transient stability of
GFM-IBRs has received little attention. The inverter power
angle stability issues often resemble rotor angle stability
problems in traditional power systems, commonly known as
pole slipping or power swing [23]. Pole slipping occurs when
the rotor angle of a synchronous generator consistently varies
with respect to the rest of the system under disturbances,
potentially leading to instability, voltage depression, reverse
power flow, and misoperation of protection devices [23], [24].
Despite the critical importance of pole slipping in power
systems, this phenomenon in GFM-IBRs has not been
thoroughly investigated.

This paper addresses this gap by introducing, for the
first time, the concept of pole slipping in GFM-IBRs,
including those equipped with circular current limiters.
To be more specific, pole slipping in grid-forming inverters
refers to the loss of synchronism where the inverter’s
internal phase angle deviates beyond 180° with respect
to the grid, similar to synchronous generators losing step.
The conditions for stable and unstable pole slipping in
GFM-IBRs are derived, and the factors influencing this
phenomenon are identified and analyzed. Additionally, the
paper discusses the equipment-level challenges posed by
pole slipping, such as overvoltage, reverse power flow,
and overloading, and proposes a novel control strategy to
mitigate these effects. This solution is validated through
comprehensive time-domain simulations and experimental
results, offering a framework for evaluating transient stability
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FIGURE 1. Single machine infinite bus model.

in GFM-IBRs under both voltage drops and phase angle
jumps.

The primary contributions of this paper are as follows:

o The concept of pole slipping in GFM-IBRs is introduced
and analyzed, with distinctions drawn between stable
and unstable pole slipping.

o The determining factors for the occurrence of pole slip-
ping in GFM-IBRs are identified, and the implications
for stability and protection are discussed.

« A novel control strategy is proposed to prevent both sta-
ble and unstable pole slipping, addressing the limitations
of existing voltage-based methods.

o The impact of phase angle jumps on GFM-IBRs is
thoroughly investigated, demonstrating that even small
phase angle jumps can induce pole slipping.

The remainder of the paper is structured as follows.
Section II introduces the concept of pole slipping in GFM-
IBRs, along with the factors influencing its occurrence.
Section III presents a transient stability analysis to derive the
conditions for stable and unstable pole slipping. Section IV
outlines the proposed mitigation strategy. Section V provides
time-domain simulation results, including a comparison of
the proposed solution with an existing voltage-based method.
The experimental validations of the concept and the proposed
method are presented in Section VI. Section VII concludes
the paper and provides future research directions.

Il. POLE SLIPPING

A. POLE SLIPPING IN SYNCHRONOUS GENERATORS
Transient disturbances such as faults can cause an imbalance
between the mechanical power input and electrical power
output of a synchronous generator. This power imbalance can
cause rotor angle instability in a synchronous generator.

The equal area criterion is commonly used in power sys-
tems to analyze rotor angle stability [25]. Fig. 1 demonstrates
the classic single machine infinite bus model. Moreover, the
electric power-angle curve of a synchronous generator is
shown in Fig. 2.

After the occurrence of a fault on the transmission line
as illustrated in Fig. 1, the power transfer capability of
the transmission system reduces. Thus, the operating point
of the synchronous generator moves from point a to point
b in Fig. 2. As the electric power output is lower than
the mechanical power input in point b, the rotor angle of
the synchronous generator accelerates and the rotor angle
moves to point ¢. When the fault clears, the electrical
power output of the synchronous generator increases and the
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FIGURE 2. Power-angle relationship for a synchronous generator.

operating point moves to point d. At this point, the mechanical
power output is smaller than the electrical power output.
Therefore, the rotor speed of the synchronous generator
decreases. However, the rotor angle continues to increase
to point e. If area Al in Fig. 2 is equal to or smaller than
area A2, the generator maintains synchronism. Otherwise, the
synchronous generator loses synchronism.

If the balance between the mechanical power input and
the electrical power output of the synchronous generator is
restored, a new stable operating point will be established
and the synchronism will be attained. Otherwise, the rotor
angle will increase and the synchronous generator slips a
pole, which is also referred to as an out-of-step condition in
the literature. Pole slipping is a condition whereby the rotor
angle of a synchronous generator goes beyond 180 degrees
with respect to the rest of the power system.

Pole slipping is potentially damaging to synchronous
generators. The synchronous generator pole slipping can
further cause oscillations in other parts of the system. This
is well-studied in protection studies considering out-of-step
and power swing blocking relays [26], [27], [28]. In practice,
it is commonly recommended to disconnect the synchronous
generators when the critical angle for maintaining stability is
reached without any delay. It is worth noting that some hydro
unit operators may practice to separate their unit only after it
experiences a certain number of pole slips. This is because a
hydro unit possibly can get back into synchronism after pole
slipping [29].

In the next section, we present a phenomenon in
grid-forming voltage source converters similar to pole
slipping in synchronous generators.

B. POLE SLIPPING IN DROOP-BASED GFM-IBRS WITH
CURRENT LIMITING FAULT RIDE THROUGH MECHANISM
Disturbances such as faults, transmission line switching,
and generation/load connections/disconnections can cause
an imbalance between the active power reference (Prer) and
active power output (Pj,y) of a droop-based GFM inverter
analogous to synchronous generators. Fig. 3 demonstrates
the single machine infinite bus model for a GFM inverter.
The synchronizing equation of a droop-based GFM inverter
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is given in (1).
Wpcf

—(Pref - Pinv) (1)
§ + Wpcf

w— wy = my
where w, wp and wpcr denote angular frequency of the inverter,
nominal frequency, and low-pass filter cut-off frequency,
respectively. m,, denotes the droop gain.

The Pj,, of a droop-based GFM inverter with a circular
current limiter is given in (2). The derivation of (2) is provided
in the Appendix. The derivation of (2) is based on [19] where
a droop-based GFM inverter with a circular current limiter
is modelled by a voltage source behind an equivalent non-
negative resistance. It is worth noting that the resistance r,
in the model is a state dependent parameter. Although
droop-based GFM with non-priority circular current limiter
is considered here, the proposed notions can be extended to
other current limiting methods as well.

3| (et re) (V25 — VierVg cos(8 — 6y))
2 (re +1o)* + 0}l2

- ; [re Wl Vief Vg sin(8 — eg))] ®

(re + rg)2 + a)glg)
where r, and r, denote equivalent resistance and grid resis-
tance, respectively. [, denotes grid inductance. wg denotes
grid angular frequency. V, and Vi denote grid voltage
magnitude and voltage reference, respectively. Iy, denotes the
maximum allowable converter current magnitude. § and 0,
denote power angle and grid voltage angle, respectively.
Furthermore, § in (2) is given in (3).

Pipy =

§=w—w (€)

An approach similar to the equal area method is adopted
here to analyze the power angle behavior of GFM inverters.
The impact of voltage drop without voltage phase angle
jump on the power-angle behavior of GFM inverters has
been previously examined and solutions have been proposed
[81, [14], [17], [18], [30], [31], [32]. However, the impact
of disturbance-induced voltage phase angle jumps on power
angle stability of GFM inverters has rarely been investigated
in the literature [14], [33]. This paper, for the first time,
not only examines the impact of voltage phase angle jumps
on the power angle behavior of droop-based GFM inverters,
but also provides a solution to improve the power angle
behavior. In order to avoid overly complicated analyses and
develop insight, we discuss the case of voltage phase angle
jump without voltage drop in the following. However, the
simulation results cover the general case when a combination
of voltage drop and voltage phase angle jump occurs due to a
disturbance.

The imbalance between the active power output and active
power reference of an inverter due to disturbance-induced
voltage phase angle jumps can produce three outcomes;
1) restoration to a stable point without pole slipping,
2) restoration to a stable point after pole slipping,
and 3) unstable pole slipping. Fig. 4 demonstrates the

VOLUME 13, 2025



N. Karimipour et al.: Pole Slipping in Droop-Based Grid-Forming Inverters

IEEE Access

Pinv: Qinv
v,

Vt abc
by l

g
~_ I LT —AA |

—

—

LR —AIA I

I inv

e
P

Vour B

o
V

<

FIGURE 3. GFM-IBR connected to an infinite bus (SMIB) model and its control structure.
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FIGURE 4. Power-angle relationship for a GFM-IBR with a circular current
limiter.

power-angle curve of an inverter for the abovementioned
three cases which are discussed in the following sections.

1) RESTORATION TO A STABLE OPERATING POINT
WITHOUT POLE SLIPPING

After the occurrence of voltage phase angle jump without
voltage drop at the terminal of an inverter, the power-angle
curve of the inverter shifts from the green curve to the blue
curve on the left as illustrated in Fig. 4. Thus, the operating
point of the inverter moves from point a to point b in Fig. 4.
As the active power output of the inverter is higher than
the active power reference in point b, the power angle of
the inverter decreases and the operating point restores to the
stable operating point at c.

2) STABLE POLE SLIPPING

In this case, the power-angle curve of the inverter shifts from
the green curve to the red curve on the left as illustrated in
Fig. 4 due to the occurrence of voltage phase angle jump.
Thus, the operating point of the inverter moves from point a
to point d in Fig. 4. As the active power output of the inverter

VOLUME 13, 2025

is lower than the active power reference in point d, the power
angle of the inverter increases and the operating point moves
to the operating point at ¢”. However, the inverter power angle
continues to increase to point g where w = wyp. At point g,
the active power reference is less than the active power output.
Therefore, the power angle decreases and settles at the stable
operating point e”. As illustrated in Fig. 4, the pole slipping
occurs in this case. Thus, the new operating point is at point e”
instead of point e.

The characteristics of critical voltage phase angle jump
that determine whether the inverter experiences pole slipping
or not is discussed here. As illustrated in Fig. 4, each
power-angle curve of the inverter has a stable and an unstable
equilibrium point in (—180°, 180°). For instance, points e (c)
and ¢ (¢’) on the red curve (blue curve) illustrate the
stable and unstable equilibrium points, respectively. After the
occurrence of voltage phase angle jump, the power angle
of the inverter does not change immediately. However, the
two equilibrium points shift to the left with an amount equal
to voltage phase angle jump. If the absolute value of the
voltage phase angle jump is larger than the critical voltage
phase angle jump, the angle of the new unstable equilibrium
point, e.g. ¢, is less than the power angle of the operating
point right before the disturbance. Thus, pole slipping takes
place. Otherwise, the angle of the new unstable equilibrium
point, e.g. ¢, is larger than the power angle of the operating
point right before the disturbance. Therefore, the operat-
ing point restores to a new stable equilibrium point without
pole slipping. The critical voltage phase angle jump in the
absence of voltage drop is equal to the phase angle difference
between the stable and unstable equilibrium points.

3) UNSTABLE POLE SLIPPING

In this case, the power-angle curve of the inverter shifts from
the green curve to the red curve in Fig. 4 similar to the
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FIGURE 5. Critical voltage phase angle jump that leads to pole slipping at
different operating points of the GFM-IBR.
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FIGURE 6. Critical voltage phase angle jump that leads to pole slipping at
different grid strengths.

stable pole slipping case due to the occurrence of voltage
phase angle jump. However, the operating point moves to the
operating point g’ instead of point g where w = wp. Beyond
point €', the active power reference is larger than the active
power output. Therefore, the power angle increases again
and the inverter experiences one pole slipping after another.
As such, the power angle of the inverter becomes unstable.

C. INFLUENCING FACTORS ON POLE SLIPPING IN
GFM-IBRS

The critical voltage phase angle jump that leads to pole
slipping depends both on the short circuit ratio (SCR) of
the grid and the operating point of the inverter before the
disturbance. Fig. 5 illustrates the critical voltage phase angle
jumps for different operating points. As illustrated in Fig. 5,
the critical voltage phase angle jumps that can cause pole
slipping becomes smaller when the inverter operates at higher
active power output. However, the dependence of the critical
voltage phase angle jump on the operating point of the
inverter decreases when the SCR of the grid increases. It is
worth noting that voltage phase angle jumps as small as 10°
can cause pole slipping in GFM-IBRs as illustrated in Fig. 5.
As such, even small voltage phase angle jumps created by
disturbances can cause pole slipping in GFM-IBRs.

Fig. 6 illustrates the critical voltage phase angle jumps
for different SCRs. As illustrated in Fig. 6, smaller voltage
phase angle jumps can cause pole slipping at higher SCRs.
Thus, the risk of pole slipping in inverters is higher in stiff
grids which is counter intuitive. It is worth noting that voltage
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FIGURE 7. Maximum inverter voltage during pole slipping at different
grid strengths.

phase angle jump due to disturbances is smaller in stiff grids
compared to weak grids. Fig. 6 further indicates that the
critical voltage phase angle jump may vary by changes in the
configuration of the network. This creates new challenges for
the dynamic behaviour of GFM-IBRs based on different grid
configurations.

The critical voltage phase angle jump illustrated in Figs. 5
and 6 determines the occurrence of pole slipping, but further
analysis is needed to determine whether pole slipping is stable
or unstable. This is examined in the following sections.

D. CHALLENGES INTRODUCED BY POLE SLIPPING IN
GFM-IBRS

Stable and unstable pole slipping in GFM-IBRs have
equipment-level and system-wide implications for power
systems which makes it completely different from stability
analysis. This paper focuses on equipment-level implications
of pole slipping. Pole slipping of inverters can cause serious
challenges for power systems such as reverse power flow.
As illustrated in Fig. 4, the power output of an inverter can
become negative during pole slipping before settling in the
new operating point at ¢”. This phenomenon is similar to
pole slipping in synchronous generators. The magnitude of
the reverse power flow in inverters due to pole slipping can
be as high as 1.2 pu. The reverse power flow can be handled
by resources like energy storage but can be damaging to other
resources such as type-IV wind generators.

Pole slipping of inverters can further cause an overvoltage
in the grid. As illustrated in Fig. 7, the maximum overvoltage
that can be caused by pole slipping have reverse relationship
with the SCR of the grid. The maximum overvoltage can
exceed 1.2 pu in SCRs lower than 4.85. This overvoltage
level is important as it may trigger the overvoltage relay and
trip the inverter [34], [35]. As such, even stable pole slipping
is undesirable in these cases as it can create undesirable
overvoltage and should be prevented. A solution to this
problem is proposed in Section IV.

Furthermore, unstable pole slipping may cause overheating
of the inverter switches. As illustrated in Fig. 8, the
overheating of inverter switches may occur in unstable pole
slipping because the inverter supplies the maximum current
continually in each pole slip.

VOLUME 13, 2025
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FIGURE 8. Current-angle relationship for a GFM-IBR with a circular
current limiter.
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FIGURE 9. Phase portrait and the numerical solutions for transient
stability of GFM-IBR.

IIl. TRANSIENT STABILITY ANALYSIS

In this section, the nonlinear ordinary differential equations
describing the transient stability of the GFM-IBRs are
solved numerically to determine whether pole slipping of the
inverter is stable or unstable. We begin by reordering the
synchronizing and active power output equations of the GFM-
IBR in (1) and (2) as given in (4)-(6).

yi=39 4)
y2 =i )
Y2 = —Wpcfy2 + Mp@pctPret — Mp@pcfPiny (6)

Power angle (6) and the change in the angular frequency
of the inverter (8) in (4) and (5) are calculated by applying
the fourth-order Runge-Kutta method to (4)-(6). Fig. 9
illustrates the numerical solutions for three possible cases:
1) restoration to a stable operating point without pole
slipping, 2) restoration to a stable operating point after pole
slipping, and 3) unstable pole slipping. As illustrated in Fig. 9
by green curve, the power angle decreases to a new stable
equilibrium point when there is no pole slipping. In the case
of stable pole slipping, the power angle increases more than
7 radians (180°), as shown by the blue curve in Fig. 9, before
settling to a new stable equilibrium point where § = 0. In the
case of unstable pole slipping, the power angle increases
continually, as shown by red curve in Fig. 9, without settling
to a stable equilibrium point. Thus, the condition § = 0 can
be used to distinguish stable pole slipping from unstable pole

slipping.
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FIGURE 10. Minimum active power output that can cause unstable pole
slipping at different grid strengths.

TABLE 1. Minimum Active Power Leading to Unstable Pole Slipping.

Pminin]um
mp(pw) - wper (PU) o R SCRD
0.01 0.10 0.98 0.98 0.91
0.02 0.10 0.98 0.78 0.66
0.03 0.10 0.85 0.62 0.51
0.04 0.10 0.75 0.62 0.41
0.02 0.03 0.30 0.28 0.19
0.02 0.05 0.74 0.53 0.43
0.02 0.08 0.92 0.69 0.57
0.02 0.11 0.98 0.80 0.67

The condition § = 0 is used to numerically obtain
Fig. 10 which shows the impact of the operating point and
SCR on determining the stable and unstable pole slipping.
As illustrated in Fig, 10, unstable pole slipping does not occur
at SCRs lower than 3.5. The minimum active power output
that can cause pole slipping decreases as the SCR grows. For
example, active power outputs higher than 0.65 pu causes
unstable pole slipping for SCRs equal or larger than 10.
As discussed in Section II, critical voltage phase angle jumps
decreases at high SCRs. Therefore, even small voltage phase
angle jumps created by disturbances can cause unstable pole
slipping in GFM-IBRs.

Droop-gain (m,) and cut-off frequency of droop low-pass
filter (wpcr) are the influencing factors for determining
whether stable or unstable pole slipping occurs. Table 1
summarizes the results of the analysis on how these
two factors influence the stability of GFM-IBRs during a
disturbance. Minimum Prer in pu for different wpcr and my,
are provided in the table. Unstable pole slipping happens if
the reference active power of the droop controller exceeds
these critical values. As mentioned earlier, the critical
reference power changes when SCR increases. In addition,
by decreasing droop gain, the possibility of unstable pole
slipping reduces, but it cannot prevent stable pole slipping.
Moreover, increasing the cut-off frequency of the droop
low-pass filter enhances the power angle stability of the
inverter. It is worth noting that by ignoring the droop low-pass
filter in the models, the unstable pole slipping will not
be observed. This underlines the importance of modeling
the droop low-pass filter in transient stability studies of
GFM-IBRs.
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IV. PROPOSED SOLUTION

Pole slipping occurs in droop-based GFM-IBRs when the
following two conditions hold: 1) the power angle of the
inverter is larger than the power angle of the closest stable
equilibrium point, and 2) the active power output (Pj,y) of
the inverter is less than the active power reference (Prer).
The second condition forces the synchronism mechanism
of the inverter to increase the power angle to the point where
the balance between Pj,y and P is restored. This creates
pole slipping. As such, pole slipping in GFM-IBRs can be
prevented by eliminating condition 2.

In order to remove condition 2, we propose to modify
the active power reference during the disturbance as given
in (7). By modifying the active power reference during the
disturbance, the equilibrium between Pf and Pj,, can be
achieved without the need to increase the power angle.

P = Pref — Paga )

Pagq in (7) must satisfy the condition in (8) to prevent pole
slipping.

Paad > Pref — Piny (®)

The proposed P,qq is given in (9). It is worth noting that

Pagq does not intervene with the synchronism mechanism

of the inverter in normal operating conditions because it is

equal to zero. P,gq becomes non-zero by the activation of the
current limiter irrespective of the source of the disturbance.

Padd = krel}, )

where r, denotes equivalent resistance which depends
on §. Iy, denotes the maximum allowable converter current
magnitude. k in (9) must be chosen such that it satisfies (10).
Inequality (10) is derived by replacing (9) in (8).
Pres — P
k> ref . inv =f(8) (10)
rely

Pret 3| (re + rg)(Vigg — Vret Vg c08(8))

2 ((re +rg)? + wélﬁ)relé

Wglg Viet Vg sin(8))

((re + 19) + w}lRrel

f=

2
relth

3
-1
&

Inequality (10) is satisfied for any value of § when k is
larger than the maximum value of f(§) in (11). The maximum
value of f(§) can be calculated using numerical methods. It is
worth noting that Pr should be equal to one when calculating
k to ensure k is valid for all the operating points of the inverter.
Moreover, the maximum value of f(8) is only calculated for
the practical range of §.

The reason why P,qq is proportional to k, r,, and It%l is as
follows:

(11)

e 1. is considered because it reflects the severity of the
disturbance. More severe disturbances produces larger
re as described in the Appendix. Moreover, r, is zero in
the absence of a disturbance and forces P,qq to become
zero in the absence of a disturbance.
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FIGURE 12. Power angle relationship for a GFM-IBR with a circular
current limiter and the proposed solution.

. Iti is considered to convert r, to power.
o Lastly, k is considered to ensure that the proposed Pagq
works for a wide range of disturbances and SCR values.

Fig. 11 illustrates the minimum value of £ for different
SCRs of the grid. As illustrated in Fig. 11, larger k values
are required for larger SCRs of the grid. Therefore, the &k
value must be selected based on the SCRs for all the possible
configurations of the grid. Fig. 12 illustrates the new power
angle curve of the inverter after considering P,qq.

It is worth noting that voltage-based methods have been
previously proposed in the literature to improve critical clear-
ing time during voltage drops caused by disturbances [32].
The existing methods in the literature reduce the active
reference power based on voltage at the terminal of the
inverter as given in (12)-(14).

Shew = VopuSnom (12)
Oref if Vopu > 0.9
O™ = 1 2Spew(l — Vopu)  if 0.5 < Vopy < 0.9 (13)
Shew otherwise
et =/ Siew — Oret (14)

where Spom denotes the nominal power of the inverter in
normal conditions and Vq,, denotes the output voltage of the
inverter at the point of common coupling in per-unit. This
method is unable to address pole slipping caused by voltage
phase angle jumps. A comparative study is provided in the
simulation results section to highlight the differences between
the proposed method and the existing voltage-based methods
in the literature.
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TABLE 2. Values of the parameters used in simulation and experimental

tests.
Parameter Unit Simulation Experiment
Nominal Power (kVA) 35 1
Nominal Voltage V) 400 125
wp (rad/sec) 2760 2760
Ls, R, Cr (pu) 0.13,0.0028, 0.06 | 0.12, 0.0004, 0.0
Jswitching (kHz) 10 20
Isampling () 1 50
Pret,Oret (pu) 0.8,0 0.8,0
mp, my (pu) 0.02, 0.1 0.02,0.1
Wpef Wacf (pu) 0.1, 0.1 0.1,0.1
wo (pw) 1 1
Vret (pu) 1 1
kpv, kiy (A/V), (A/V.s) 1.9,4.26 0.15,0.00134
kpis kii (V/A), (V/A.s) 6.347, 521 5,6.75

V. TIME DOMAIN SIMULATION

This section provides time-domain simulation results for
pole slipping in GFM-IBRs. The validity and correctness of
the proposed solution for preventing pole slipping is further
tested and verified. Test system shown in Fig. 3 is used
to implement simulations. The detailed parameters of the
system under study are provided in Table 2. Time-domain
simulations are conducted using MATLAB Simulink.

A. DYNAMIC RESPONSE OF GFM-IBRS TO VOLTAGE
PHASE ANGLE JUMP

Simulation results for the dynamic response of GFM-IBRs to
voltage phase angle jump without voltage drop are provided
in this subsection. Three scenarios can occur, as discussed
in Section II-B, depending on the disturbance severity, the
operating point of the IBR, and grid conditions. In the figures
of Section V-A, (a), (b), (c), and (d) denote power angle,
current magnitude, power output, and voltage magnitude at
PCC, respectively. It is worth noting that the voltage phase
angle is compared with the power angle in each scenario to
distinguish their behavior across various conditions.

1) SCENARIO 1 — RESTORATION TO A STABLE OPERATING
POINT WITHOUT POLE SLIPPING

In scenario 1, a voltage phase angle jump equal to —10° is
considered to appear at the upstream bus of the GFM-IBR.
The active power output and the reference active power of
the IBR before the disturbance are considered to be equal
to 0.8 pu. Moreover, the SCR of the grid is considered to
be equal to 3.6. A phase jump equal to —10° happens at
t = 0 s. The current limiting mechanism activates, and
as illustrated in Fig. 13, the inverter current increases to
1.2 pu upon the current limiter activation. The active power
output of the inverter further increases and becomes larger
than the reference power, which remains constant during the
disturbance. As a result, the power angle decreases from 13°
to 3° without pole slipping. Although the current limit is
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FIGURE 13. GFM-IBR response in Scenario 1 (restoration to stable
operating point): SCR=3.6, P,¢f = 0.8 pu, and phase jump=-10°.

activated, the phase change is not large enough to pass critical
voltage phase angle jump according to Fig. 5. Therefore, the
inverter power angle returns to a stable equilibrium point.

2) SCENARIO 2 - STABLE POLE SLIPPING

In scenario 2, voltage phase angle jump equal to —20° is
considered to appear at the upstream bus of the GFM-IBR
att = 0 s. The reference active power of the IBR, and SCR
of the grid are considered to be similar to scenario 1. Fig. 14
demonstrates the dynamic response of the IBR. As illustrated
in the figure, the inverter current increases to 1.2 pu, similar
to scenario 1. However, the active power output of the inverter
decreases in this case in contrast to scenario 1. As a result, the
power angle increases from 13° to 353°, instead of decreasing
to —7°, and pole slipping occurs.

3) SCENARIO 3 — UNSTABLE POLE SLIPPING

In this scenario, a voltage phase angle jump equal to —10°,
similar to the first scenario, is considered to appear at
the upstream bus of the GFM-IBR. In this scenario, the
pre-disturbance active power output and the reference active
power of the IBR are considered to be equal to 0.85 pu.
Moreover, the SCR of the grid has increased to 6.5. Fig. 15
demonstrates the dynamic response of the IBR. As a result
of the disturbance, the inverter current increases to 1.2 pu,
similar to scenarios 1 and 2. The active power output of
the inverter decreases in this case similar to scenario 2.
However, the power angle continually increases and unstable
pole slipping occurs. This test shows how a small phase jump
leads to instability in high SCRs.
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FIGURE 14. GFM-IBR response in Scenario 2 (stable pole slipping):
SCR=3.6, P,ef = 0.8 pu, and phase jump=-20°.

B. PROPOSED METHOD PERFORMANCE EVALUATION
The performance of the proposed solution is presented
through EMT simulations. The method was evaluated with
respect to a conventional circular current limiter and an
existing voltage-based method mentioned in the previous
section. Due to the space limit, only voltages, currents, and
powers are shown in the following simulations. For current
and voltage, d-q components are also included in the figures
for more clarification.

1) VOLTAGE DROP WITHOUT VOLTAGE PHASE ANGLE JUMP
Severe voltage drops without phase angle jump can also
cause pole slipping in GFM-IBRs. In the first simulation, the
inverter initially operates at Pr.f=0.8 puin SCR=6. A voltage
drop equal to 0.9 pu is considered on the upstream bus of
the GFM-IBR at + = 0 s. During the fault, the inverter
voltage drops and the current limiter is activated. After 0.2 s,
the fault is cleared, and the grid voltage rises. However,
as discussed in Section II, the phase angle jump is more than
the critical value, and the inverter passes the next equilibrium
point. Therefore, the inverter current remains saturated. As a
result of the severe voltage drop, the inverter experiences
a pole slipping during the postfault stage, as shown in
Fig. 16. The figure demonstrates the dynamic response of the
inverter, including the conventional circular current limiter.
Figs. 17 and 18 illustrate that the existing voltage-based
method and the proposed solution can both prevent pole
slipping caused by severe voltage drops in approximately
high SCRs.
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FIGURE 15. GFM-IBR response in Scenario 3 (unstable pole slipping):
SCR=6.5, P,¢=0.85 pu, and phase jump=-10°.
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FIGURE 16. The response of GFM-IBR with the conventional circular
current limiter to a 0.9 pu voltage drop without phase angle jump in a
stiff grid: (a) current magnitude, (b) power output, (c) voltage magnitude
at PCC.

2) STABLE POLE SLIPPING CAUSED BY VOLTAGE PHASE
ANGLE JUMP

This case study demonstrates that voltage phase angle jump
can also cause stable pole slipping in GFM-IBRs. Fig. 19
demonstrates the dynamic response of the inverter without
implementing the voltage-based method or the proposed
solution. As illustrated in Fig. 20, the voltage-based method is
unable to prevent pole slipping when there is a voltage phase
angle jump without voltage drop. In contrast, the proposed
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FIGURE 17. The response of GFM-IBR with the voltage-based method to
a 0.9 pu voltage drop without phase angle jump in a stiff grid: (a) current
magnitude, (b) power output, (c) voltage magnitude at PCC.
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FIGURE 18. The response of GFM-IBR with the proposed method to a
0.9 pu voltage drop without phase angle jump in a stiff grid: (a) current
magnitude, (b) power output, (c) voltage magnitude at PCC.

solution, shown in Fig. 21, can prevent pole slipping even
for cases with severe voltage phase angle jump, i.e., 60°.
It is worth noting that the proposed solution prevents the
overvoltage problem caused by pole slipping and reduces the
reverse power problem.

3) UNSTABLE POLE SLIPPING CAUSED BY VOLTAGE PHASE
ANGLE JUMP

In this case, a severe voltage phase angle jump equal to —60°
occurs att = 0 s while SCR=6 and Pyt = 0.8 pu. Initially, the
inverter operates in normal conditions. Upon the occurrence
of the disturbance, the inverter current limiter is activated due
to the severity of the disturbance. The conventional circular
current limiter, as expected, undergoes an unstable pole
slipping, as shown in Fig. 22. As can be seen in Fig. 23, the
voltage-based method is also unable to prevent unstable pole
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FIGURE 19. The response of GFM-IBR with the conventional circular
current limiter to a voltage phase angle jump=—60° when SCR=3.5:
(a) power angle, (b) current magnitude, (c) power output, (d) voltage
magnitude at PCC.

slipping when there is a voltage phase angle jump without
voltage drop. The proposed solution, however, can prevent
unstable pole slipping and restore the inverter to its new
normal operating point in less than 0.6 s, shown in Fig. 24.
As such, the advantage of the proposed method compared
with the existing voltage-based methods is significant.

VI. EXPERIMENTAL RESULTS

This section experimentally investigates the dynamic
response of GFM-IBRs under varying voltage phase angle
disturbances and different grid strengths. It also validates
the effectiveness of the proposed mitigation method. The
experimental setup includes an Imperix Power Rack, with
controllers developed and deployed on an Imperix B-Box
platform. The inverter connects to a Regatron TC.ACS grid
simulator via LC filters and emulated grid impedance. Fig. 25
shows the experimental setup of the system under the study.
Table 2 provides detailed parameters of the experimental
setup.

A. DYNAMIC RESPONSE OF GFM-IBRS TO VOLTAGE
PHASE ANGLE JUMPS

Voltage phase angle jumps are common disturbances in
power systems, particularly in weak grid conditions. This
subsection examines the GFM-IBR’s response to such
disturbances with a SCR of 2 and an initial active power
reference (Prer) of 0.8 pu. The analysis considers both small
and large voltage phase angle jumps, with and without the
proposed mitigation method.
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FIGURE 20. The response of GFM-IBR with the voltage-based method to
a voltage phase angle jump=-60° when SCR=3.5: (a) power angle,
(b) current magnitude, (c) power output, (d) voltage magnitude at PCC.
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FIGURE 21. The response of GFM-IBR with the proposed method to a
voltage phase angle jump=-60° when SCR=3.5: (a) power angle,
(b) current magnitude, (c) power output, (d) voltage magnitude at PCC.

1) CASE 1: VOLTAGE PHASE ANGLE JUMP OF —10°

When a —10° phase angle jump occurs, the current limiting
mechanism of the GFM-IBR activates and caps the inverter
current at 1.2 pu. As shown in Fig. 26, the active power
output temporarily exceeds the reference power, resulting
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FIGURE 22. The response of GFM-IBR with the conventional circular
current limiter to a severe voltage phase angle jump when SCR=6:
(a) current magnitude, (b) power output, (c) voltage magnitude at PCC.
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FIGURE 23. The response of GFM-IBR with the voltage-based method to
a severe voltage phase angle jump when SCR=6: (a) current magnitude,
(b) power output, (c) voltage magnitude at PCC.

in a reduction in the power angle. The inverter stabilizes
without experiencing pole slipping, demonstrating that small
disturbances can be mitigated by the inverter’s inherent
dynamics in weak grid conditions.

2) CASE 2: VOLTAGE PHASE ANGLE JUMP OF —20°

When the phase angle jump increases to —20°, the current
limiters activate again, but the inverter exhibits stable pole
slipping, as shown in Fig. 27. The power angle shifts signifi-
cantly beyond 180°, causing the inverter to momentarily lose
synchronism with the grid.

With the proposed mitigation method, the GFM-IBR
dynamically adjusts its active power reference during the
disturbance, allowing the inverter to stabilize at a new
equilibrium point. Fig. 28 demonstrates that the proposed
method effectively prevents stable pole slipping under the
—20° disturbance. By addressing the power mismatch,
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FIGURE 24. The response of GFM-IBR with the proposed method to a
severe voltage phase angle jump when SCR=6: (a) current magnitude,
(b) power output, (c) voltage magnitude at PCC.
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FIGURE 25. Experimental setup of the system under the study; the
inverter is connected to a DC supply(left) and LCL filter is included to
connect the inverter to the Grid (Right Emulator).
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FIGURE 26. Experimental results of the GFM-IBR with the conventional
circular current limiter: voltage phase angle jump=—10° at SCR=2 with
no pole slip observed: (a) Power angle, (b) d-q components of the grid
current and magnitude, (c) Active and reactive power at the PCC, (d) d-q
components of the voltage and magnitude at the PCC.

the method ensures that the system remains synchronized
even in weak grid conditions.
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FIGURE 27. Experimental results of the GFM-IBR with the conventional
circular current limiter: voltage phase angle jump=-20° at SCR=2 with
stable pole slip observed: (a) Power angle, (b) d-q components of the grid
current and magnitude, (c) Active and reactive power at the PCC, (d) d-q
components of the voltage and magnitude at the PCC.
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FIGURE 28. Experimental results of the GFM-IBR with the proposed
method: voltage phase angle jump=-20° at SCR=2 with no pole slip
observed: (a) power angle, (b) d-q components of the grid current and
magnitude, (c) active and reactive power at the PCC, (d) and d-q
components of the voltage and magnitude at the PCC.

B. UNSTABLE POLE SLIPPING AND PERFORMANCE OF
THE PROPOSED METHOD

Unstable pole slipping, characterized by continuous oscilla-
tions of the power angle beyond 180°, represents a severe
stability issue for GFM-IBRs. This subsection examines the
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FIGURE 29. Experimental results of the GFM-IBR with the conventional
circular current limiter: voltage phase angle jump = —10° at SCR=10 with
unstable pole slip observed: (a) power angle, (b) d-q components of the
grid current and magnitude, (c) active and reactive power at the PCC, and
(d) d-q components of the voltage and magnitude at the PCC.
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FIGURE 30. Experimental results of the GFM-IBR with the proposed
method: voltage phase angle jump = —10° at SCR=10 with no pole slip
observed: (a) power angle, (b) d-q components of the grid current and
magnitude, (c) active and reactive power at the PCC, and (d) d-q
components of the voltage and magnitude at the PCC.

inverter’s response to a —10° voltage phase angle jump under
strong grid conditions, with SCR set to 10 and Pref = 0.8 pu.

1) CONVENTIONAL CIRCULAR CURRENT LIMITER
Fig. 29 illustrates the inverter’s response with the con-
ventional circular current limiter. The current limiting
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mechanism activates, but the system fails to stabilize. The
power angle oscillates continuously, and the inverter loses
synchronism with the grid. This result highlights the inability
of conventional current limiters to address unstable pole
slipping in strong grid conditions, where disturbances can
induce instability.

2) PROPOSED METHOD

When the proposed mitigation method is applied, the inverter
dynamically adjusts its active power reference to manage
the disturbance. Fig. 30 shows that the system successfully
stabilizes at a new operating point, effectively mitigating
unstable pole slipping. The proposed method ensures that
the power angle remains within stable bounds, enabling the
inverter to maintain synchronism even in the presence of
significant phase angle disturbances.

VIl. CONCLUSION

This paper described the notion of pole slipping in droop-
based grid forming inverters with circular current limiters.
It is demonstrated that both voltage drop and voltage phase
angle jump can cause pole slipping in grid forming inverters.
It is shown that the strength of the grid and the operating point
of the inverter before the disturbance are determining factors
for the occurrence of pole slipping in grid forming inverters.
The analysis shows that unstable pole slipping might occur
in SCRs greater than 3.5 It is further demonstrated that
pole slipping creates overvoltage. The results revealed the
overvoltage can exceed 1.2 puin SCRs lower than 4.85. Other
challenges associated with pole slipping is reverse active
power flow and overloading for grid forming inverters. The
conditions for stable and unstable pole slipping are further
derived and discussed in detail. It is found that increasing the
droop gain and decreasing cut-off frequency of the low-pass
filter in the droop loop increase the chance of pole slipping.
A control strategy is proposed to prevent pole slipping in grid
forming inverters. The advantages of the proposed strategy is
demonstrated in comparison with an existing voltage-based
strategy in grid forming inverters during voltage drops. The
theoretical analysis and simulation results are validated by
experimental analysis. In our future research work the impact
of pole slipping in GFM-IBRs on swing and out-of-step
protection will be investigated. Moreover, the system-wide
implications of pole slipping in GFM-IBRs on large multi-
machine systems will be examined.

APPENDIX

The active power output of droop-based GFM-IBRs with a
circular current limiter is derived here based on [19]. A grid
forming voltage source converter with a circular current
limiter is illustrated in Fig. 3. The voltage source converter
is connected to the rest of the grid through an LC filter
with the resistance ¢, inductance I, and capacitance cy. The
resistance and inductance of the grid are denoted by r, and [,
respectively. The P — f droop control given in (15) is applied
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to synchronize the converter with the grid.

Wpcf
L(Pref — Piny) + wp

15
o (15)

w=mp
The circular current limiter in the dg frame is further
employed to protect the converter as given in (16).
Iin

— (16

Kijim = min{1, —
| |lcdq,ref| |

idq‘ref = Klimicdq,ref,
where igq,ref and icdq,ref denote the output of the circular cur-
rent limiter and current generated by the voltage controller,
respectively. Kjim denotes the ratio of the output and input of
the circular current limiter. In the normal operating conditions
Kiim is equal to 1 and Kjiy, is less than 1 when the circular
current limiter is activated.

‘We adopt the equivalent circuit model of the grid forming
voltage source converters with the circular current limiters
from [19]. As described in [19], the circular current limiter
becomes activated after the occurrence of a disturbance, and
the voltage integral controller is changed to zero to prevent
wind-up. Thus, the grid forming voltage source converter
can be modelled as a voltage source behind a resistance as
given in (17). It is worth noting that the current control loop
dynamics is ignored in the derivation of (17) [19].

Vdg = Vdq,ref — Veidq (I7)

where vy, and vy, rer denote the voltage of the point of
common coupling and the reference voltage for the point of
common coupling, respectively. r, is a real and non-negative
variable which is given by (18).

_ 1= Kiim

ro = (18)
¢ Klimkpv

where kpy is the proportional gain of the voltage controller
block. It is worth noting r, is equal to zero during normal
operating conditions.

As described in [19], the active power of the inverter can
be derived using the Kirchhoff circuit law and (17) as given in
Section II-B. It is worth noting that the changes in the voltage
phase angle in the upstream bus and the droop low-pass filter
are ignored in [19] which are considered in this paper.
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