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Fault Recovery Analysis of Grid-Forming Inverters
With Priority-Based Current Limiters

Bo Fan , Member, IEEE, and Xiongfei Wang , Senior Member, IEEE

Abstract—Grid-forming (GFM) inverters are required to oper-
ate robustly against grid faults. However, due to the limited over-
current capability of inverters, current-limiting controls are usually
applied to protect these semiconductor devices, which may prevent
GFM inverters from a successful fault recovery. To understand
this phenomenon, this study analyzes the fault recovery process of
a GFM inverter with a priority-based current limiter. According to
whether the GFM inverter can ensure transient stability and exit
the current-limiting mode after fault clearance, three post-fault sce-
narios are identified, including normal operation, current limitation,
and oscillations. Further, the impacts of the short-circuit ratio and
control parameters on the post-fault behavior of GFM inverters
are demonstrated. To illustrate the implications of these theoreti-
cal results, typical numerical examples are presented. Finally, the
theoretical findings are validated through experimental tests.

Index Terms—Grid-forming (GFM) inverter, priority-based
current limiter, fault recovery, post-fault phenomenon.

I. INTRODUCTION

POWER electronic inverters have been widely applied in
power grids due to their efficient conversion and flexible

control of electricity [1], [2]. Generally, inverters can be classi-
fied into two categories according to their control methods, i.e.,
grid-following (GFL) inverters and grid-forming (GFM) invert-
ers [3], [4]. By directly regulating the voltage and frequency,
GFM inverters are recognized as a promising solution for future
inverter-dominated power grids [5].

In reality, temporary power grid faults are inevitable, such
as short-circuit faults, grid phase angle jumps, etc. Reliable
operation of the power grid requires GFM inverters to operate
robustly against these grid faults. When faults are cleared, the
GFM inverters should be able to automatically resume normal
operation with guaranteed transient stability [6]. In the past
years, the post-fault behavior of the GFM inverters has been
investigated based on the phase plane analysis [7], [8] or the
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Lyapunov direct method [9]. However, these studies assume
that the output currents of GFM inverters are always within the
maximum allowable ranges.

Like synchronous generators (SGs), GFM inverters act as
voltage sources behind impedance [10]. As a consequence, their
output currents are highly dependent on the electrical network
conditions [5]. Under grid faults, the SGs can provide short-
circuit currents up to seven times the rated ones to the grid [11].
However, the semiconductor-based inverters can only handle
tens of percent of over-current [6]. Therefore, current-limiting
control strategies are critical to protect the GFM inverters.

To restrict the inverter output currents, one way is to switch the
GFM inverters to the GFL ones in case of grid faults [12]. How-
ever, this solution requires a backup phase-locked loop (PLL),
which may induce instability issues in weak grids [13], [14].
Alternatively, without switching the synchronization methods,
two typical current-limiting control methods are proposed in
the literature, i.e., virtual impedance methods [15] and current
limiters [16], [17]. The former modifies the voltage control refer-
ence by adding virtual impedance when the inverter output cur-
rent exceeds a given threshold [18]. The latter directly restricts
the current reference signals by using circular or priority-based
limiters [19], [20]. Comparative studies between these two types
of current-limiting methods are performed in [21], which reveals
that the current limiters can achieve a better current-limiting
performance, while the virtual impedance methods can tolerate
a longer fault period.

With these current-limiting controls, the post-fault behavior
of the GFM inverters needs to be re-evaluated. In [22], a theoret-
ical approach is proposed to explain the post-fault behavior of
GFM inverters with virtual impedance. Further, Fan et al. [23]
demonstrated the fault recovery process of GFM inverters with
circular current limiters based on an equivalent circuit model.
In [24], [25], transient instability induced by d-axis priority-
based current limiters when faults are cleared is revealed. In [26],
an optimized priority-based current limiter is presented with
improved transient stability.

When current-limiting strategies are applied, the “windup”
or “latch-up” phenomena may exist in voltage control loops [5],
[27], which prevent the GFM inverter from a successful fault
recovery. More specifically, when faults are cleared, the GFM
inverter can still remain in the current-limiting mode even if
transient stability is ensured. In [15], it is shown that the virtual
impedance methods are inherently free of these phenomena
since the voltage control loops are always utilized to track their
references in either normal operating mode or current-limiting
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Fig. 1. Overall system diagram of a grid-connected GFM inverter with the priority-based current limiter.

Fig. 2. Illustration of the priority-based current limiter.

mode [21], [22]. Moreover, the results in [23] reveal that the
GFM inverter with circular current limiters can also avoid these
phenomena since the inverter behaves similarly to those with
virtual resistors. Different from the virtual impedance methods
and the circular current limiters, the GFM inverters with priority-
based current limiters will behave as power-synchronized cur-
rent sources after fault clearance [28]. In previous studies [21],
[25], [26], it is assumed that the GFM inverter can restore
normal operation at the intersection point in the P − δ curves of
the normal operating and current-limiting modes. However, no
conditions are given under which this assumption is valid. The
post-fault behavior of a GFM inverter with the priority-based
current limiter is still an open issue and requires further inves-
tigation.

To approach this remaining issue, firstly, the GFM inverter
models in both normal operating mode and current-limiting
mode are derived. With these models, theoretical analysis results
on the post-fault phenomena are obtained. Further, numerical
examples are presented to illustrate the implications of the
theoretical results. Finally, experimental tests are conducted to
validate the theoretical findings. The main contributions of this
study are as follows:

1) It is the first time that the fault recovery process of a
GFM inverter with the priority-based current limiter is analyzed

theoretically. To facilitate the analysis, simplified closed-loop
GFM inverter dynamic models are obtained in both normal
operating mode and current-limiting mode.

2) This study presents a systematic approach to analyze the
post-fault behavior of GFM inverters. The logic of switching
between the normal operating mode and the current-limiting
mode of GFM inverters is revealed, based on which three
post-fault scenarios are identified, including normal operation,
current limitation, and oscillations.

3) The impact of the current-limiting control parameters
and short-circuit ratio (SCR) on the fault recovery process of
the GFM inverter is revealed. Theoretical results indicate that
the inverter with the priority-based limiter may fail to restore
the normal operating mode in weak grids and even jeopardize
transient stability under certain control parameters.

The remainder of this paper is organized as follows. Section II
illustrates the system topology of a grid-connected GFM inverter
and the control structure. The effect of the priority-based current
limiter on the fault recovery process is analyzed theoretically in
Section III. Numerical examples are given in Section IV and the
corresponding experimental results are presented in Section V.
Finally, Section VI concludes this paper.

Notation: For a complex variablex,Re{x} and Im{x} denote
its real and imaginary parts, respectively. xabc and xdq denote x
in the abc-frame and the dq-frame, respectively. x∗ and ‖x‖
are the conjugate and modulus of x, respectively. j is the unit
imaginary number. The set S denotes the unit circle [29]. For two
sets ΩA ⊆ S and ΩB ⊆ S, define ΩA \ ΩB as the set difference,
i.e., ΩA\ΩB = {x∣∣x ∈ ΩA and x /∈ ΩB}.

II. GRID-CONNECTED GFM INVERTER

A. System Description

Fig. 1 shows the topology of a GFM inverter connected to a
power grid through an LC-filter. A power control loop is applied
to synchronize the inverter with the grid. Voltage and current
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proportional-integral (PI) control loops are used to regulate the
capacitor voltage. The priority-based current limiter is applied in
this study to protect the GFM inverter against over-current [16],
[25], [26].
Cf and Lf denote the filter’s capacitance and inductance,

respectively. Rg and Lg denote the resistance and inductance of
the cable. ifabc and iabc represent the inverter-side current and
the grid-side current, respectively. vabc and vgabc represent the
capacitor voltage and the grid voltage, respectively.

B. Control Structure

For the ease of the demonstration of the fault recovery process,
the P − f droop control is utilized as the power control loop,
expressed as

θ̇ref = ωg +KP

(
P ref − P

)
(1)

where θref is the phase angle reference used for the Park trans-
formation in Fig. 1, ωg is the grid angular frequency, P ref is
the active power reference, P = Re{vdqi

∗
dq} is the active power

output of the inverter, and KP > 0 is the constant power control
gain.

As shown in Fig. 2, the priority-based current limiter is
expressed as

īref
fdq =

{
IMejφI , ‖iref

fdq‖ > IM
iref
fdq, ‖iref

fdq‖ ≤ IM
(2)

where iref
fdq is the original inverter-side current reference gen-

erated by the voltage PI control, īref
fdq is the saturated current

reference, IM is the maximum allowable inverter-side current
magnitude, and φI is a user-defined constant angle, representing
the angle between the inverter-side current vector and the d-axis
oriented to θref. Two selections for φI are commonly used in the
literature. When φI = 0, the current limiter becomes a d-axis
priority-based one [16], [25]. Rokrok et al. [26] presented an
optimized selection method with −π/2 < φI < 0.

Notice that once the current limiter is triggered, the voltage
controller will behave as a fault detector, determining whether
the GFM inverter remains operating at the current-limiting mode
(‖iref

fdq‖ > IM ) or switch back to the normal operating mode
(‖iref

fdq‖ ≤ IM ).
During normal operation, the output of the voltage integrator

is close to zero in the steady-state since it is merely used to
remove the impact of modeling errors [30]. Therefore, once the
current limiter is triggered, the voltage integrator is kept at zero
to avoid its windup [23].

Usually, the inner control loops are designed to be much faster
than the outer power one [2], [3], [5]. Hence, the following
commonly used assumptions are introduced.

Assumption ([25], [26]): The dynamics of the capacitor and
inductors is negligible. The dynamics of the current control

loop is negligible, i.e., ifdq = īref
fdq. During normal operation, the

voltage control loop is idealized as a unity gain, i.e., vdq = V ref

with V ref being the capacitor voltage reference.
Remark 1: In this study, the current limitation is achieved

by a current control loop with the current reference satisfying
‖̄iref

fdq‖ ≤ IM . If IM is chosen close to the threshold of the
conventional protection scheme that freezes the PWM signals,
temporary over-currents may trigger the conventional protection
scheme during current transients. In practice, IM is usually se-
lected to be smaller than the threshold of conventional protection
schemes to avoid this issue.

III. EFFECT OF PRIORITY-BASED CURRENT LIMITER ON FAULT

RECOVERY

In this section, the effect of the priority-based current limiter
on the fault recovery process is analyzed. Firstly, the closed-
loop system model is established. Further, the logic of switching
between the normal operating mode and the current-limiting
mode of the GFM inverter is derived, based on which the fault
recovery process is analyzed.

A. System Modeling

With the Park transformation shown in Fig. 1, the grid voltage
can be rewritten as vgdq = Vge−jδ where δ � θref − θg with Vg

and θg being its amplitude and angular frequency, respectively.
Based on Kirchhoff’s Circuit Law and Assumption, the expres-
sions of the physical variables ifdq, idq, and vdq with respect to
δ can be derived and found in Appendix.

When the current limiter is not triggered, one has vdq = V ref.
According to Appendix A andP = Re{vdqi

∗
dq}, the active power

output can be calculated as

P (δ) =
Rg

(
V ref

)2 −RgV
refVg cos δ +XgV

refVg sin δ

R2
g +X2

g

. (3)

When the current limiter is triggered, according to Ap-
pendix B, the active power output is calculated as in (4) shown
at the botttom of this page.

By revoking (1), the closed-loop system dynamics can be
represented as

δ̇ = KP

(
P ref − P (δ)

)

P (δ) =

{
(3), Normal operating mode
(4), Current-limiting mode

. (5)

As shown in (5), the closed-loop system has two operating
modes. In previous studies [21], [25], [26], theoretical results of
when the closed-loop system enters the current-limiting mode
are explained. However, there is still a lack of theoretical analysis
of the post-fault behavior of the inverter, i.e., the phenomena
after clearing faults.

P (δ) =
RgI

2
M +

Rg

Xc
VgIM sin(δ + φI) +

(
Xg

Xc
+ 1

)
VgIM cos(δ + φI)(

Xg

Xc
+ 1

)2

+
(

Rg

Xc

)2 (4)
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Fig. 3. Post-fault process of a GFM inverter with the priority-based current
limiter.

B. Operating-Mode Switching Logic

To analyze the post-fault phenomena, the operating-mode
switching logic is firstly derived.

1) From Normal Operating Mode to Current-Limiting Mode:
According to (2), the inverter restricts its inverter-side current if
‖iref

fdq‖ during normal operation is greater than IM . Based on the
assumption ifdq = īref

fdq and the premise īref
fdq = iref

fdq, the GFM
inverter enters the current-limiting mode if

δ ∈ Ω1 �
{
δ′ ∈ S

∣∣ ‖ifdq (δ
′)‖ > IM

}
(6)

with ifdq(δ
′) given in (9).

2) From Current-Limiting Mode to Normal Operating Mode:
Based on (2), the inverter exits the current-limiting mode if
‖iref

fdq‖ is smaller or equal to IM . With the considered voltage
control loop in Fig. 1 and the anti-windup method in Section II-
B, the GFM inverter switches back to the normal operating mode
if

δ ∈ Ω2 �
{
δ′ ∈ S

∣∣‖iref
fdq(δ

′)‖ ≤ IM
}

(7)

where iref
fdq(δ

′) = idq(δ
′) + vdq(δ

′)
jXc

+KV
P (V ref − vdq(δ

′)) with

KV
P > 0 being the voltage proportional control gain and vdq(δ

′),
idq(δ

′) given in (10), (11), respectively.
Equations (6) and (7) reveal the switching mechanism be-

tween the two modes of the GFM inverter with the closed-loop
system dynamics in (5). The two sets Ω1 and Ω2 determine the
restricted operating areas for δ in the normal operating mode
and the current-limiting mode, respectively.

Remark 2: Note that the operating-mode switching logic is
developed based on (2). For other state-dependent switching
logic, the post-fault behavior of the GFM inverter with the

TABLE I
SYSTEM AND CONTROL PARAMETERS

priority-based limiter can be readily analyzed by re-calculating
the two sets Ω1 and Ω2.

C. Fault Recovery Analysis

If the current limiter is never triggered, the fault recovery
analysis can be found in [7]. Therefore, this study focuses on the
analysis of the fault recovery process when the priority-based
current limiter is triggered during the fault.

Three post-fault phenomena are found and illustrated as fol-
lows:

1) Current-Limiting Mode (δ /∈ Ω2): As illustrated in Sec-
tion III-B2, once the current limiter is triggered, the GFM
inverter will remain in the current-limiting mode since ∀δ /∈
Ω2, ‖iref

fdq‖ > IM .
2) Normal Operating Mode (δ ∈ Ω2\Ω1): Since δ ∈ Ω2, the

GFM inverter can exit the current-limiting mode. Thereafter,
the voltage controller tries to regulate the capacitor voltage vdq

to its reference V ref. According to Section III-B1, the current
limiter cannot be triggered again since ∀δ /∈ Ω1, ‖ifdq‖ ≤ IM .
The GFM inverter can remain in the normal operating mode.

3) Oscillations (δ ∈ Ω1 ∩ Ω2): Since δ ∈ Ω2, the GFM in-
verter tends to restore the normal operating mode. In the mean-
time, however, δ ∈ Ω1 induces an inverter-side current that is
larger than IM , triggering the current limiter again. Conse-
quently, the current limiter introduces oscillations to the GFM
inverter due to the switching between the normal operating mode
and the current-limiting mode.

The whole post-fault process can be a combination of these
three phenomena, which is depicted in Fig. 3. The abbreviation
“SEP” stands for the stable equilibrium point. Numerical ex-
amples are presented in Section IV for ease of understanding.
Experimental tests verify the numerical examples are given in
Section V.

D. Impact of SCR and φI on Fault Recovery Process

Based on these theoretical results, the impacts of the SCR and
φI on the fault recovery process are explained. The parameters
in Table I are utilized. An X/R ratio of 12.5 is selected in the
calculation. The corresponding results are given in Fig. 4, where
three main areas are identified.
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TABLE II
NUMERICAL EXAMPLE SETUP

Fig. 4. Impact of SCR and φI on the fault recovery process.

Fig. 5. Example 1–Trajectory of P with the parameters in Set 1 and the post-
fault δ being smaller than the UEP in the current-limiting mode. SEP: solid dot
(•). UEP: hollow dot (◦). Post-fault δ: star (�).

Purple area: This area denotes the one of Ω2 = ∅. More
specifically, once a GFM inverter with the SCR and φI in
this area enters the current-limiting mode, it cannot restore the
normal operating mode after fault clearance.

Green area: This area denotes the one of Ω2\Ω1 �= ∅, in
which a GFM inverter may be able to exit the current-limiting
mode after fault clearance. However, a successful fault recovery
is not guaranteed since the GFM inverter can stabilize at an
abnormal SEP before δ enters Ω2\Ω1.

Pink area: This area represents the one of Ω1 ∩ Ω2 �= ∅.
Hence, the GFM inverter can suffer from oscillations after fault
clearance if δ ∈ Ω1 ∩ Ω2.

For the impact of SCR, from Fig. 4, one can notice that for
a grid with 1.7 < SCR < 6, a GFM inverter with the d-axis
priority-based limiter (φI = 0) may be able to recover from
the post-fault status. When SCR drops below 1.7, the d-axis
priority-based limiter can prevent the GFM inverter from a
successful fault recovery since Ω2 = ∅. When SCR increases
above 6, oscillation zones are observed based on the analysis in
Section III-C.

For the impact of φI , when SCR > 1, 7, one can notice that
as φI decreases from 0 to −π/2, the size of the oscillation zone
increases. When SCR < 1.7, the decrease in φI can help the
GFM inverter to restore the normal operating mode. However,
the further decrease in φI will again increase the size of the
oscillation zone.

IV. NUMERICAL EXAMPLES

Six typical numerical examples are applied in this section to
illustrate the post-fault phenomena when the GFM inverter lies
in different areas given in Fig. 4. The setup for these examples is
given in Table II. The abbreviation “UEP” stands for the unstable
equilibrium point. The system and control parameters used in
these examples are listed in Table I. The fault recovery process is
demonstrated through P − δ curves in the following examples.

A. Example 1

In this example, the parameters in Set 1 are utilized, where
the priority-based current limiter is selected as the d-axis one
(φI = 0). The SCR of the system is 3.54. According to Fig. 4,
one can notice that the GFM inverter may be able to recover from
the post-fault status. Assume that the post-fault δ is smaller than
the UEP in the current-limiting mode.

The abscissa of the purple star denotes the post-fault angle δ.
The solid and hollow dots with different colors denote the SEP
and UEP in corresponding operating modes, respectively. The
theoretically calculated trajectory of P is illustrated in Fig. 5,
denoted by the green line with the arrows being the moving
direction. The pink and blue lines represent the P (δ) in normal
operating and current-limiting modes, respectively. The dashed
lines denote the restricted areas where the GFM inverter needs
to switch its operating mode. These legends will be utilized in
the following examples.

The whole fault recovery process is demonstrated through the
following three steps:

Step 1: As denoted by point “s” in Fig. 5, since the post-fault
δ satisfies δ /∈ Ω2, the GFM inverter remains in the current-
limiting mode according to Section III-C1. Moreover, notice that
P is larger than its reference. Based on (5), δ keeps decreasing
along with the blue line.

Step 2: As shown in the zoomed picture in Fig. 5, δ keeps
decreasing until it reaches point “a” and enters the restricted
area Ω2, denoted by the dashed blue line. Therefore, the GFM
inverter needs to exit the current-limiting mode. At the same
time, δ /∈ Ω1 holds, i.e., the corresponding pink line is solid.
Therefore, the GFM inverter restores the normal operating mode.
The power output P jumps from the blue line to the pink one,
denoted by the vertical green line between point “a” and “b”.

Step 3: When the GFM inverter restores the normal operating
mode, P is still larger than its reference. Hence, with the help of
(5), δ keeps decreasing along with the pink line until it returns
its normal SEP, denoted by point “c”.

In this example, the GFM inverter can successfully recover
from the current-limiting mode.

Remark 3: In previous studies [21], [25], [26], it is usually
assumed that the GFM inverter can automatically restore the
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Fig. 6. Example 2–Trajectory of P with the parameters in Set 1 and the post-
fault δ being larger than the UEP in the current-limiting mode. SEP: solid dot
(•). UEP: hollow dot (◦). Post-fault δ: star (�).

Fig. 7. Example 3–Trajectory of P with the parameters in Set 2 and the post-
fault δ being smaller than the UEP in the current-limiting mode. SEP: solid dot
(•). UEP: hollow dot (◦). Post-fault δ: star (�).

normal operating mode if the post-fault δ is smaller than the
UEP. However, according to Section III-C2, such an assumption
is only valid in situations similar to Example 1, i.e., δ can enter
the non-empty set Ω2\Ω1.

B. Example 2

This example again uses the parameters in Set 1. Different
from Example 1, this example analyzes the system response
when the post-fault δ is larger than the UEP in the current-
limiting mode. The theoretically calculated trajectory of P is
illustrated in Fig. 6.

According to Section III-C1, the GFM inverter has to remain
in the current-limiting mode since δ /∈ Ω2, as denoted by point
“s”. Besides, the power output P is smaller than its reference
and thus δ keeps increasing along with the blue line based on (5).
Finally, the GFM inverter stabilizes at the SEP in the current-
limiting mode, represented by point “a”.

This example indicates that the GFM inverter cannot recover
from the current-limiting mode even the setΩ2\Ω1 is non-empty
since the GFM inverter will not enter the restricted area Ω2

before it reaches an SEP.

C. Example 3

Example 3 utilizes the parameters in Set 2. The d-axis priority-
based current limiter is applied again, while the cable impedance
is increased. The SCR drops to 1.61. According to Fig. 4, the
GFM inverter cannot restore the normal operating mode since
Ω2 is empty. Assume that the post-fault δ is smaller than the
UEP in the current-limiting mode. The theoretically calculated
trajectory of P is illustrated in Fig. 7.

Notice that in this example, the power output P is larger than
its reference and thus δ keeps decreasing along with the blue

Fig. 8. Example 4–Trajectory of P with the parameters in Set 2 and the post-
fault δ being larger than the UEP in the current-limiting mode. SEP: solid dot
(•). UEP: hollow dot (◦). Post-fault δ: star (�).

line based on (5), which is illustrated by the green line between
point “s” and “a”. Thereafter, the GFM inverter stabilizes at an
SEP in the current-limiting mode.

Again, the GFM inverter cannot recover from the current-
limiting mode in this example since the set Ω2 is empty.

D. Example 4

Example 4 also applies the parameters in Set 2, but assumes
that the post-fault δ is larger than the UEP in the current-limiting
mode. The theoretically calculated trajectory of P is illustrated
in Fig. 8.

Since Ω2 is empty with the parameters in Set 2, the GFM
inverter remains in the current-limiting mode according to Sec-
tion III-C1. In this example, the power output P is smaller than
its reference and thus δ keeps increasing along with the blue
line, which is represented by the green line between point “s”
and “a”. Finally, the GFM inverter stabilizes at a new SEP in the
current-limiting mode.

In this example, again, the GFM inverter cannot recover from
the current-limiting mode due to the empty set Ω2.

Remark 4: Unlike the previous Examples 1 and 2, Examples 3
and 4 indicate that the modification of the power control loop that
generates δ [25], or equivalently θref in Fig. 1, is helpless for a
successful fault recovery sinceΩ2 = ∅. Once the current limiter
is triggered, the inverter will become a power-synchronized
current control grid-connected inverter [28] with a fixed inverter-
side current magnitude IM .

E. Example 5

In this example, the parameters in Set 3 are used. An optimized
φI suggested in [26] is applied, which is about −1.4 rad. As
shown in Figs. 4 and 9, an oscillation zone whose size is about
1.5 rad is observed.

According to Section III-C3, the GFM inverter will suffer
from oscillations if the post-fault δ satisfies (δ ∈ Ω1) ∧ (δ ∈
Ω2) as depicted in Fig. 9. The GFM inverter may not recover
from the current-limiting mode. If δ can finally leave the oscil-
lation zone, the GFM inverter maybe stable. But in the worst
case, δ can stay in the oscillation zone. Thereafter, the stability
of the GFM inverter can be jeopardized.

Remark 5: According to the developed model in (5) and
the analysis in Section III-B, the oscillation zones are iden-
tified, which indicates that the GFM inverter can suffer from
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Fig. 9. Example 5–The post-fault δ falls in the oscillation zone with the
parameters in Set 3. SEP: solid dot (•). UEP: hollow dot (◦). Post-fault δ: star
(�).

Fig. 10. Example 6–Trajectory of P with the parameters in Set 3 and the
post-fault δ being not in the oscillation zone. SEP: solid dot (•). UEP: hollow
dot (◦). Post-fault δ: star (�).

oscillations induced by the priority-based current limiters. How-
ever, the post-fault behavior of the GFM inverter after entering
the oscillation zones cannot be demonstrated through the model
in (5) since the dynamics of the current control loop and circuit
can no longer be ignored.

F. Example 6

This example again uses the parameters in Set 3. Assume that
the post-fault δ is not in the oscillation zone. The theoretically
calculated trajectory of P is illustrated in Fig. 10.

The whole fault recovery process is demonstrated through the
following three steps:

Step 1: The post-fault δ in Fig. 10 satisfies δ /∈ Ω2, denoted
by point “s”. Hence, the GFM inverter remains in the current-
limiting mode according to Section III-C1. Since P is smaller
than its reference, δ keeps increasing along with the blue line
based on (5), as represented by the green line between point “s”
and “a”.

Step 2: As shown in the zoomed picture in Fig. 10, similar to
Example 1, δ keeps increasing until it enters the restricted area
Ω2, denoted by the dashed blue line. Simultaneously, δ /∈ Ω1

holds, i.e., the corresponding pink line is solid. Hence, according
to Section III-C2, the GFM inverter restores the normal operating
mode. The power output P jumps from the blue line to the pink
one, denoted by the vertical green line between point “a” and
“b”.

Step 3: When the GFM inverter restores the normal oper-
ating mode, P is still smaller than its reference. Hence, with
Section III-C2 and (5), δ keeps increasing along with the pink
line until it stabilizes at a normal SEP, represented by point “c”.

Fig. 11. Illustration of the experimental setup.

Fig. 12. Case 1–Experimental results of Example 1 with parameters in Set 1
under grid voltage drops to 0 p.u. for 200 ms.

In this example, the GFM inverter can successfully recover
from the current-limiting mode. Although oscillation zones
exist, the GFM inverter will not enter these zones before it
reaches an SEP.

V. EXPERIMENTAL STUDIES

A. Experimental Setup

In this section, experimental results are performed to verify
the numerical examples analyzed based on the theoretical results
in Section III-C. The experimental setup is shown in Fig. 11,
whose topology is the same as the one in Fig. 1. The power
grid is emulated by the Grid Simulator Chroma 61845. The
controllers are implemented in the DS1007 PPC processor board
with an NXP QorIQ P5020 dual-core real-time processor (64-bit,
2 GHz) and a 32-bit I/O bus. The currents and voltages are
measured through the DS2004 high-speed A/D board with a
16-bit resolution and 800 ns conversion time. The switching
pulses are generated via the DS5101 digital waveform output
board with a 25 ns resolution. The control and system parameters
are listed in Table I. To obtain the post-fault status, a grid voltage
drop to 0 p.u. with different fault periods is utilized.

B. Case 1: Experimental Results of Example 1

In this case, the parameters in Set 1 are used. The grid voltage
drops to 0 p.u. for 200 ms to obtain a post-fault δ smaller than
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Fig. 13. Case 2–Experimental results of Example 2 with parameters in Set 1
under grid voltage drops to 0 p.u. for 400 ms.

Fig. 14. Case 3–Experimental results of Example 3 with parameters in Set 2
under grid voltage drops to 0 p.u. for 150 ms.

the UEP in the current-limiting mode. The results are illustrated
in Fig. 12.

Notice that although the fault is cleared, the post-fault system
cannot restore its normal operating point for about 400 ms with
the saturated inverter-side current. As illustrated in Section III-
C1 and Example 1, such a phenomenon is due to the fact that
δ /∈ Ω2, i.e., ‖iref

fdq‖ > IM holds. Afterward, from Fig. 12, the
GFM inverter restores and remains in the normal operating mode
since δ enters the set (δ /∈ Ω1) ∧ (δ ∈ Ω2), i.e.,‖iref

fdq‖ ≤ IM and
the regulation of the capacitor voltage will not trigger the current
limiter. Therefore, the GFM inverter successfully recovers from
the current-limiting mode.

C. Case 2: Experimental Results of Example 2

In this case, the parameters in Set 1 are again applied, while
the grid voltage drops to 0 p.u. for 400 ms to obtain a post-fault
δ larger than the UEP in the current-limiting mode. The results
are shown in Fig. 13.

From Fig. 13, it is obvious that the GFM inverter main-
tains in the current-limiting mode after fault clearance. As

Fig. 15. Case 4–Experimental results of Example 4 with parameters in Set 2
under grid voltage drops to 0 p.u. for 250 ms.

Fig. 16. Case 5–Experimental results of Example 5 with parameters in Set 3
under grid voltage drops to 0 p.u. for 250 ms.

demonstrated in Example 2, this phenomenon is induced
since δ /∈ Ω2 holds, or equivalently, ‖iref

fdq‖ > IM holds.
Hence, based on (2), the current limiter is always triggered,
which prevents the GFM inverter successfully recovering from
the fault.

D. Case 3: Experimental Results of Example 3

The parameters in Set 2 are applied in this case. A grid voltage
drop to 0 p.u. for 150 ms is used to obtain a post-fault δ smaller
than the UEP in the current-limiting mode. The results are shown
in Fig. 14.

As shown in Fig. 14, the GFM inverter again maintains in
the current-limiting mode after clearing the fault. With the
parameters in Set 2 and the theoretical analysis in Example 3,
one has that the set Ω2 is empty. More specifically, once the
current limiter is triggered, ‖iref

fdq‖ > IM always holds. Hence,
the GFM inverter cannot restore the normal operating mode even
for a post-fault δ smaller than the UEP in the current-limiting
mode as illustrated in Fig. 14.
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TABLE III
SUMMARY OF EXPERIMENTAL RESULTS

Fig. 17. Case 6–Experimental results of Example 5 with parameters in Set 3
under grid voltage drops to 0 p.u. for 700 ms.

E. Case 4: Experimental Results of Example 4

In this case, the parameters in Set 2 are applied. A grid voltage
drop to 0 p.u. for 250 ms is used to obtain a post-fault δ larger
than the UEP in the current-limiting mode. The corresponding
results are shown in Fig. 15.

Notice that in Fig. 15, the GFM inverter still cannot restore
the normal operating mode due to the empty Ω2 as illustrated
in Example 4.

F. Cases 5 and 6: Experimental Results of Example 5

In this test, the parameters in Set 3 are utilized, where oscil-
lation zones exist according to Example 5. Grid voltage drops
to 0 p.u. for 250 ms and 700 ms are used to obtain the post-fault
δ falling in the oscillation zones. The corresponding results are
shown in Figs. 16–17.

As illustrated in Example 5, once the post-fault δ falls in the
oscillation zone, i.e., (δ ∈ Ω1) ∧ (δ ∈ Ω2), the GFM inverter
will suffer from oscillations induced by the current limiter. From
Fig. 16, one can notice that the post-fault system is unstable due
to these oscillations.

When the fault period increased, as shown in Fig. 17, the
GFM inverter still suffers from oscillations for about 800 ms,
but can finally leave the oscillation zone. Afterward, the system
responses are almost identical to the theoretical analysis in
Example 6, which will be discussed in detail in the next case.

Fig. 18. Case 7–Experimental results of Example 6 with parameters in Set 3
under grid voltage drops to 0 p.u. for 1000 ms.

G. Case 7: Experimental Results of Example 6

In this case, the parameters in Set 3 are utilized, while the grid
voltage drops to 0 p.u. for 1 s to make the post-fault δ be not
in the oscillation zones. The corresponding results are shown in
Fig. 18.

As shown in Fig. 18, the GFM inverter remains in the current-
limiting mode for about 800 ms. According to Section III-C1
and Example 6, this is because that δ /∈ Ω2. Thereafter, δ ∈ Ω2

is met. Hence, the GFM inverter restores the normal operating
mode, i.e., the inverter-side current is no longer saturated as
observed in Fig. 18. Finally, although the oscillation zone exists,
the GFM inverter stabilizes at an SEP in normal operating mode
before it enters the oscillation zone.

Table III summarizes the experimental results. It can be ob-
served that the GFM inverter can successfully recover from the
current-limiting mode without oscillations only in the first and
the last case. In Case 6, although the GFM inverter can also
recover from the fault, it suffers from oscillations. In Cases 2-4,
the GFM inverter is stable finally. However, it cannot exit the
current-limiting mode. In the worst case (Case 5), the stability
of the GFM inverter is jeopardized.

VI. CONCLUSION

This study has analyzed the fault recovery process of GFM
inverters with priority-based current limiters. It has revealed the
mechanism of switching between the normal operating mode
and the current-limiting mode of the GFM inverters, based on
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which the normal operation, current limitation, and oscillations
post-fault phenomena have been identified. Further theoretical
analysis has indicated that the inverter with the priority-based
limiter can fail to resume normal operation in weak grids and
even suffer from transient instability issues. Finally, these results
have been illustrated by numerical examples and verified by
experimental results.

APPENDIX

EXPRESSIONS OF PHYSICAL VARIABLES

A. Normal Operating Mode

When the current limiter is not triggered, one has vdq = V ref.
Hence,

idq(δ) =
V ref − Vge−jδ

Rg + jXg
(8)

and

ifdq(δ) =
V ref

jXc
+

V ref − Vge−jδ

Rg + jXg
(9)

where Xg = ωgLg and Xc = −1/ωgCf .

B. Current-Limiting Mode

When the current limiter in (2) is triggered, the inverter-side
current is determined by the angle φI , i.e., ifdq = IMejφI .
Therefore,

vdq(δ) =
(jRgXc −XgXc) IMejφI + jXcVge−jδ

Rg + j (Xg +Xc)
(10)

and

idq(δ) =
jXcIMejφI − Vge−jδ

Rg + j (Xg +Xc)
. (11)
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