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Abstract—The grid forming (GFM) converter may undesirably
output a higher current during the recovery stage than fault dura-
tion due to its transient angle swing, which would cause the power
devices to face the risk of overcurrent or even damage in both the
fault stage and the recovery stage. In this letter, the current power
angle plane is presented for the current trajectory description and
the mechanism of the recovery overcurrent (ROC) issue is revealed
through the proposed concept of critical recovery angle (CRA). On
top of that, the power angle relationship in the critical ROC state is
described in detail and the ROC boundary is further characterized
accurately. Moreover, an analytical calculation method of CRA is
proposed to identify whether the ROC phenomenon occurs, which
is well validated by a series of experiments. The proposed method
depicts the inherent relationship between the current behavior
and power angle motion of GFM converters quantitatively and
intuitively, and it may provide some new insights into the transient
analysis and control optimization of GFM converters.

Index Terms—Critical recovery angle (CRA), current behavior,
grid forming, recovery overcurrent (ROC) boundary, transient
analysis.

I. INTRODUCTION

W ITH the significantly increasing penetration of power
electronics-based resources in power systems, the grid

forming (GFM) converter has attracted much attention because
of its capability to establish the system voltage and frequency au-
tonomously [1], [2]. The GFM control has been able to imitate or
even surpass the static characteristics of a synchronous generator
(SG), but its transient GFM properties under large disturbances
have not been widely and deeply developed and studied due to
the limited overcurrent capability (OCC) of power converters
[3]. Although several advanced current limiters can reshape the
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port characteristics as a voltage source while limiting current [4],
they still cannot provide sufficient fault support due to the lack of
OCC and might lead to additional risks of large signal instability
issues [5]. In recent research, the breakthroughs and innovations
in device package, gate driver, modulation, and active thermal
control enable power electronic converters to have short-term
OCC [6], [7], [8], such as 3 p.u. current in 3 s [6], [7]. As a
result, the converter starts to have the capability to maintain a
transient voltage source behavior to autonomously support the
voltage and frequency in the grid fault process with its GFM
control [1], [9].

Because of the inherent power angle swing motion introduced
by the synchronization mechanism, the GFM control will go
through two stages during the grid fault process, namely the
fault duration stage and post fault recovery stage [10]. Thanks
to the development in transient analysis tools including equal
area criterion [9], [17], Lyapunov-based method [11], and phase
portrait method [12], the power angle motion in these two
stages and its transient stability boundary can be accurately
characterized. However, the power angle swing under stability
constraints will further cause large signal variation in the current
of the GFM converter. The converter would have to face the
risk of transient overcurrent in both the fault stage [13] and the
recovery stage [11]. The uncertainty of the overcurrent stage will
result in additional constraints in the GFM converter due to its
limited and costly OCC, unlike the conventional SG.

To quantitively describe the impact of current limitations on
GFM converter operation, the current related constraints are
transformed into the power angle range [14], but it only simply
gives the maximum angle value in the angle curve and lacks
the specific consideration of grid fault conditions. The fault
impedance analysis method is proposed to present the impact of
fault grid parameters and current characteristics simultaneously
[15], but it only describes the static limitation of the fault current
and does not discuss the current in the recovery stage. After
modeling the post fault grid, the current curves in the fault stage
and recovery stage can be characterized similarly [16], but the
description of the transient transition process of current from
the fault stage to the recovery stage is ignored, which results
in the analysis of the overcurrent stage still missing. In sum-
mary, the state-of-the-art existing researches usually give a static
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Fig. 1. Circuit and control structure of the grid-connected GFM converter.

description of the current behavior in fault and recovery stages
with independent current characteristic curves, and the analysis
of the transition trend from fault current to recovery current at the
fault clear moment is still deficient. The unclear current transient
characteristics make it very difficult to directly identify whether
the maximum current occurs in the fault or recovery stage, which
brings large challenges to the safe operation of GFM converters
in the transient process.

This letter presents the current power angle plane for the
current transient trajectory description of the grid-connected
GFM converters, and it reveals the mechanism of the recovery
overcurrent (ROC) with the concept of critical recovery angle
(CRA). When the fault clear angle exceeds CRA, the GFM
converter will output a larger current in the recovery stage for
power angle deceleration and reactive power balance, which
directly leads to the occurrence of the ROC phenomenon. On this
basis, the power angle relationship in the critical ROC state is
deduced with dual consideration of the transient current behavior
in the fault and recovery process. Also, the ROC boundary is
characterized in detail with the combination of the proposed
angle relationship and the Lyapunov function. Moreover, the
CRA is calculated analytically to readily evaluate whether the
GFM converter has the ROC behavior. The major contributions
of this letter are summarized as follows.

1) The mechanism of ROC is revealed through the presented
current power angle plane.

2) The ROC boundary is characterized quantitively with a
deduced power angle relationship in a critical ROC state.

3) The concept of CRA and its analytical calculation method
is proposed. The ROC state can be readily and effectively
identified by comparing the fault clear angle and CRA.

This letter depicts the inherent relationship between current
behavior and angle swing motion quantitatively and intuitively,
which may provide some new insights for the transient analysis
and control optimization of the GFM converter.

II. SYSTEM DESCRIPTION AND CURRENT BEHAVIOR ANALYSIS

This section briefly presents the typical structure of the grid-
connected GFM converter first and then investigates the current
behavior through the proposed current power angle plane in
detail.

A. System Modeling of GFM Converter

The typical control structure of the grid-connected GFM
converter and its representative circuit are shown in Fig. 1.

To depict the inherent and fundamental relationship between
current behavior and power angle motion, the analysis and
investigation of GFM converter with transient voltage source
characteristics under good OCC is chosen as a starting point.
With the rapid development of OCC enhancement technology in
recent years, this solution would have good potential to provide
urgent fault grid support while avoiding additional stability prob-
lems caused by current limiting control and nonlinear control
mode switching. Also, the analysis can be extended to analyze
more complex current behavior with additional control loops
and physical design effects.

The GFM control is equipped as an outer power loop for grid
synchronization. The constant terminal voltage (CTV) control is
used, which can maintain the magnitude of terminal voltage Uf

constant within the allowable range of current output capability
and avoid overvoltage issues during grid fault transient [1],
[2]. The CTV mode is also beneficial for the intuitive study
of the inherent relationship between power angle swing and the
transient current characteristics, since Uf will not change with
the power angle motion and fault grid condition [9], [17]. Current
If and voltage Uf are regulated by current/voltage dual-loop
vector control, which consists of the current inner loop and
voltage outer loop [1]. The dynamics of inner loops, which are
generally over ten times larger than that of the power loop [1],
[9], could be simplified due to the decoupled timescales. Thus,
the terminal voltage Uf can achieve zero-error tracking of the
voltage reference Uref in the transient analysis, i.e., Uf = Uref.

Since the symmetrical fault scenarios could usually reflect
more essential characteristics of the GFM converter [12], the
theoretical research is mainly derived and verified in the operat-
ing conditions of symmetrical grids, and it has the potential to be
extended in asymmetric fault conditions by considering the large
signal model of negative sequence. The transient behavior of
grid-connected GFM converters in the fault process is dominated
by its power angle dynamics and it can be described by the swing
equation [9], [15], which is written as

Hδ̈ = P0 − Pe −Dδ̇ = P0 − EsUf sin δ/Xse −Dδ̇ (1)

where δ= θ – θs is defined as the power angle, and it is the phase
difference between the terminal voltage Uf and grid voltage Es.
Xse is the equivalent impedance between the point of common
coupling and the grid. H and D are the inertia and damping
coefficients in GFM control, respectively.

B. Current Behavior Analysis in Current Power Angle Plane

The apparent power Se(δ) of the GFM converter is calculated
with its terminal voltage vector Uf = Ufe-j0 and grid voltage
vector Es = Ese-jδ as

Se(δ) = Pe(δ) + jQe(δ) = Uf

[(
Uf − Ese

−jδ
)/

jXse

]∗
.
(2)

The current under CTV control can be further derived as

Ie (δ) = |Se (δ)|/|Uf | =
√

Pe(δ)
2 +Qe(δ)

2

/
Uf . (3)



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024 12165

Fig. 2. Fault current trajectory in current power plane. (a) Fault recovery
without ROC phenomenon (δc<δcr). (b) Fault recovery with ROC phenomenon
(δc>δcr).

On substituting (2) into (3), the expression of transient
current is

Ie (δ) =
√

E2
s + U2

f − 2UfEs cos δ
/
Xse. (4)

It can be seen that Ie will increase as the δ increases and Xse

decreases. However, the relationship between Ie and Es is not
monotonic. At a small value of δ, the drop in Es will lead to
an increase in Ie, but it will lead to a decrease in current at a
large δ. This means that after the fault is cleared at different δ
values, the change of the current Ie may be completely opposite.
Since current is the function of power angle, the current power
angle plane with δ on the horizontal axis and Ie on the vertical
axis can visually describe the current behavior in the fault and
recovery stage, and the current will move along the Ie(δ) curve
in this plane as the angle swing. The case where the grid voltage
drops symmetrically to 0.1 p.u. and recovers to 0.9 p.u. with
Xse = 0.51 p.u. is used for the discussion of transient current
behavior. Due to the changes at grid voltage Es of different fault
stages, there are three Ie(δ) curves plotted from (4) as the black
dotted lines in Fig. 2, and they show the large signal relationship
between the power angle and the current at different stages.
The inertia is temporarily ignored for intuitive analysis, and the
steady-state current is Ien(δ0) at the equilibrium point (EP) δ0.

When the fault occurs, the current reaches Ief(δ0) and further
increases slowly with the power angle until the fault clear point
(FCP) δc. Taking the transient stability limitation into account,
the range of power angle motion is from EP to unstable equi-
librium point (UEP) [15]. Since there is an intersection point
of fault current curve Ief(δ) and post fault current curve Iep(δ),
there are two possible cases for the recovery current behavior
determined by the angle at FCP. If the fault is cleared before the
angle reaches δcr, the current in the recovery stage will be lower
than that in the fault stage, as shown in Fig. 2(a). But if the angle
exceeds δcr at FCP shown in Fig. 2(b), the ROC phenomenon
will occur. Although the transient stability is guaranteed in the
ROC state, the undesirable higher current in the recovery stage
will cause the GFM converter to still face the risk of overheating
damage after the grid fault is cleared.

It is worth noting that the large signal model in (4) is not
limited to the assumption of constant Uf. When considering the
effect of a reactive power control loop [1], the terminal voltage
Uf is determined by output reactive power following the droop

principle, the voltage dynamic can be written as

Uf (Es, δ) =

[
u (Es, δ) +

√
u(Es, δ)

2 + 4c

]/
2 (5)

where Qe and Q0 are the output reactive power and its reference.
Kq is the Q-V droop coefficient and U0 is the reference of
terminal voltage. u (Es, δ) and c are

u (Es, δ) = Es cos δ −Xse/Kq,c = Xse (Q0 + U0/Kq) .
(6)

The expression of the transient current with reactive power
voltage droop control is written as

Ie (δ) =
√

E2
s + U2

f (Es, δ)− 2Uf (Es, δ)Es cos δ
/
Xse.

(7)
The transient current behavior with reactive power control

loop effect can also be discussed using the above method.
In the light of the above analysis, the angle δcr is the dividing

point for whether the ROC phenomenon occurs, so it is defined
as CRA. The concept of CRA can qualitatively explain the occur-
rence of ROC, but power–angle swing motion introduced by the
inertia of the GFM converter makes the actual CRA no longer
an intersection point of the current power angle curve shown
in Fig. 2. The quantitative characterization and calculation are
necessary to accurately identify the ROC state with inertia effect,
and it will be performed in the next section.

III. DEPICTION OF RECOVERY OVERCURRENT BOUNDARY

This section will deduce the power angle relationship in
critical ROC status for ROC boundary description. On this basis,
the ROC region is characterized and the quantitative calculation
method of CRA is proposed to readily identify ROC status.

A. Angle Relationship in Critical Recovery Overcurrent State

The power angle will increase monotonically in the fault
stage and decrease immediately after fault clearance without
inertia effect. In this case, the maximum fault current and the
maximum recovery current are both at the FCP as shown in
Fig. 2, and CRA is the intersection point of Ief(δ) curve and
Iep(δ) curve. However, the velocity at FCP is not zero, and there
will be a deceleration process of power angle at the beginning
of the fault recovery stage due to the inertia effect. In this case,
although the recovery current may be less than the fault current
at the fault clear moment, the recovery current continues to
rise during the recovery stage and may eventually exceed the
fault current. Therefore, the existence of inertia will make the
real CRA smaller than the intersection point δcr. The case with
symmetrical fault is utilized to illustrate the inertia effect and
the accuracy of the proposed model, as shown in Fig. 3, where
the fault grid voltage is 0.2 p.u. and the post fault grid voltage
is 0.8 p.u. The parameters in Fig. 3 are shown in Table I and the
inertia time constant H is adjusted to 6 s to highlight the inertia
impact.

To accurately identify the occurrence of the ROC phe-
nomenon with inertia effect, the critical ROC state in which the
maximum fault current equals the maximum recovery current
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Fig. 3. Maximum current and its corresponding angle. (a) Current trajectory
in the current power angle plane. (b) Current waveform in the time domain.

TABLE I
ELECTRICAL PARAMETERS OF EXPERIMENTAL PROTOTYPE

should be investigated first. For intuitive analysis, the fault
voltage coefficient kf and the recovery voltage coefficient kr
are defined because of the similarity in the description of
the power angle relationship between the fault and recovery
stage

kf = Ef/Es, kr = Er/Es, Pem = UfEs/Xse (8)

where Pem is the maximum transmission power of the grid-
connected GFM converters under the rated grid voltage Es.

To provide intuitive analysis and valid modeling accuracy, the
time domain simulation results corresponding to the working
conditions in Fig. 3(a) are given together with the solution results
of the proposed model, as shown in Fig. 3(b).

In the fault stage, the power angle will continue to increase
due to power deviation in (1). The first derivative of Ie(δ) is

dIe (δ)/δ = Se (δ)/(Uf |Se (δ)|) > 0∀δ ∈ [0, π] . (9)

Therefore, the current in the fault stage will increase with the
angle monotonically and reach its maximum value at FCP, as
the blue line in Fig. 3(a) indicates. The maximum fault current
can be calculated with the clear angle δc at FCP through (4) as
follows:

Ifm = Ief(δc) = Pem

√
1 + k2f − 2kf cos δc

/
Xse. (10)

After the fault is cleared, the inertia of the GFM converter
will force the angle to continuously increase until the velocity
reaches zero at the angle δr, which causes the current to become
larger in this process, as the green line in Fig. 3(a) shows. Thus,
the current in the recovery stage will reach its maximum value

Fig. 4. ROC boundary characterization of GFM converter. (a) Power angle
trajectory. (b) ROC boundary.

Irm at δr due to the monotonicity of the current power angle
curve shown in (9), as shown in Fig. 3(b). The expression of Irm
is shown as

Irm = Iep(δr) = Pem

√
1 + k2r − 2kr cos δr

/
Xse. (11)

Based on the expression of maximum fault current and re-
covery current, the power angle relationship between δc and δr
in critical ROC state is obtained through Ifm = Irm, and in this
situation, the power angle δc at FCP also satisfies the definition
of CRA, i.e., δc = δcr. Thus, the angle condition is deduced from
(10) and (11) as

cos δcr = (kr/kf ) cos δr +
(
k2f − k2r

)/
2kf . (12)

This equation transforms the current constraint into the CRA-
related condition, which can be used for ROC boundary depic-
tion.

B. Recovery Overcurrent Region Characterization

It is worth noting that the power angle δcr corresponding to the
maximum fault current is also located at the fault clear moment
and the velocity at maximum recovery position δr exactly equals
zero. The dual properties of these two angles make them also
subject to the constraints of the angle swing motion, which can
be intuitively characterized by the classical Lyapunov function
in transient stability analysis [9], [15].

The power angle motion is illustrated in the phase plane, as
shown in Fig. 4(a). The total transient energy during the fault
recovery stage of the grid-connected GFM converter includes
kinetic energy and potential energy, which can be written as

Vr

(
δ, δ̇

)
= Hδ̇2

/
2− δP0 − krPem cos δ+E0 (13)

where E0 is a constant to present the potential energy reference.
Since the velocity at the power angle δr equals zero, the kinetic
energy of the converter at this position is also zero. Setting
δr as a zero potential energy position can greatly simplify the
calculation of energy function. When the power angle δr is
assumed to be zero potential energy position, E0 is

E0 = P0δr + krPem cos δr. (14)
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On substituting (14) into (13), the Lyapunov function in the
recovery process can be written as

Vr

(
δ, δ̇

)
= Hδ̇2

/
2 + P0 (δr − δ) + krPem(cos δr − cos δ).

(15)

Since the kinetic energy at δr equals zero, the sum of kinetic
energy and potential energy at FCP is totally converted into the
potential energy at δr. Obviously, the minus potential energy
at δr guarantees that neither the power angle nor the current
will continue to increase, and thus the ROC boundary can be
characterized in phase plane with condition (12) and energy
relationship given by the following equation, which is shown
in red line at Fig. 4(b):

Vr

(
δcr, δ̇cr

)
= Vr (δr, 0) = 0. (16)

The transient stability boundary can be characterized by the
Lyapunov function with UEP in post fault [11], where UEP is
one of the equilibrium points of grid-connected GFM converter
with dP/dδ < 0 in post fault condition, and it is calculated as

δeu=π−arcsin

(
P0

krPem

)
. (17)

The ROC boundary divides the attraction domain of the GFM
converter into two parts, as shown in Fig. 4(b). The red area is
the ROC region and the converter will face ROC problems if
FCP at this region. If the fault is cleared in the gray area, the
ROC problem can be avoided. The ROC phenomenon would
happen when the angle and velocity at FCP are large, as larger
active power is needed to complete the angle deceleration in the
recovery stage and larger reactive power is required to support
the voltage, which results in the ROC region being outside.

The region without ROC means that the OCC of the GFM
converter is mainly used in fault grid support. It is more suitable
for a converter with limited and costly OCC to operate in this
area because the GFM converter does not need additional OCC
for resynchronization and post-fault grid support. Based on the
above analysis, the ROC boundary could be changed to be as
close to the stability boundary as possible through the control
structure improvement so that the GFM converter can utilize
its limited and costly OCC in fault grid support. Moreover, it
is more appropriate to output less active current to suppress
the power angle acceleration and increase reactive current for
fault grid support in the fault stage. In the recovery stage, the
adjustment of active current is more important to achieve power
angle deceleration and return to normal operation. This may
provide some insight into GFM control optimization.

C. Critical Recovery Angle Calculation

The classical Lyapunov function can also characterize the
transient energy during fault and it further can be used in the
quantitative assessment of CRA with the energy function in
the recovery stage. In this manner, whether the GFM converter
enters the ROC region can be easily and effectively identified by
comparing the fault clear angle δc at FCP and CRA. The total
energy during fault is equal to the total energy in the recovery

Fig. 5. Experimental setup of grid-connected GFM converter.

process at FCP because the transient energy does not mutate.
Thus, the total energy in the fault stage is written as

Vf

(
δ, δ̇

)
= H

(
δ̇2 − δ̇2c

)/
2− P0 (δ − δc)

− kfPem(cos δ − cos δc) + Vr

(
δc, δ̇c

)
. (18)

Considering both fault and recovery characteristics, the tran-
sient energy constraint of CRA can be expressed as⎧⎨

⎩
Vf (δ0, 0)− Vf

(
δcr, δ̇cr

)
= 0

Vr

(
δcr, δ̇cr

)
= 0

(19)

and its expanded form is⎧⎨
⎩
P0 (δcr − δ0) + kfPem(cos δcr − cos δ0)−Hδ̇2cr

/
2 = 0

P0 (δr − δcr) + krPem(cos δr − cos δcr) +Hδ̇2cr

/
2 = 0

.

(20)
The relationship of total transient energy from SEP δ0 to CRA

δcr can be obtained by (20), which considers the dynamics of
both fault and recovery stages. Meanwhile, the CRA is also the
angle at FCP in a critical ROC state, and it satisfies the condition
of (12). Therefore, energy constraints and current constraints can
be combined for CRA calculation as⎧⎪⎨
⎪⎩
0 = P0(δ0 − δr) + kfPem cos δ0 + Pem(k2f − k2r)/2

−(2kf − kr)Pemcosδcr
δr = arccos

[
(kf/kr) cos δcr −

(
k2f − k2r

)/
2kr

] .

(21)
By solving (21), CRA can be directly and quantitatively

calculated for ROC state identification with inertial effect. In
particular, when the GFM converter has no inertia, the CRA can
be simplified to

δcr = arccos
[(
k2f − k2r

)/
2 (kf − kr)

]
. (22)

Its physical meaning is the intersection point of Ief(δ) curve
and Iep(δ) curve as shown in Fig. 2. Therefore, the proposed
method can be applied to both the transient current analyses of
the GFM converter with and without inertia effect.

IV. EXPERIMENT VERIFICATION

The correctness and effectiveness of ROC boundary char-
acterization and CRA calculation are tested in a 6-kVA GFM
converter platform with 10 kHz switching frequency shown in
Fig. 5, with parameters in Table I. In the GFM converter, the
damping coefficient D is equivalent to the reciprocal of the
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Fig. 6. Comparison of theoretical ROC boundary and experimental results
with H = 4 s and Xse = 0.51 p.u. using different FCTs. (a) Phase portrait.
(b) tA = 70 ms. (c) tB = 150 ms. (d) tC = 300 ms.

active power–frequency droop coefficient, which is generally
determined by grid code, and its typical value is set around
20–35 p.u. Therefore, D is chosen as 35 p.u. [18], [19]. Since the
power angle motion and the output current trajectory of the GFM
converter are dominated by its control loop, and are not affected
by the topology, this letter chooses the three-level ANPC as the
converter topology in the experiment.

An experimental test with D = 35 p.u., H = 4 s, Uref = 1
p.u., Xse = 0.51 p.u., and P0 = 0.83 p.u. is studied and shown
in Fig. 6. The grid voltage symmetrically drops to 0.1 p.u. at
1 s and recovers to 0.9 p.u. with different fault clear time (FCT)
configured by grid simulator. The theoretical ROC boundary is
characterized using the method in Section III-B and shown in
Fig. 6(a) as the red line, the fault and recovery trajectories of
the GFM converter with FCT tA = 70 ms, tB = 150 ms, and
tC = 300 ms are also illustrated in Fig. 6(a). The corresponding
experimental results are shown in Fig. 6(b)–(d), and the theoret-
ical CRA calculated with (14) is also illustrated by a red dashed
line in Fig. 6(b)–(d). In case A, the fault is cleared in the region
without ROC and the clear angle δc at FCP is lower than CRA,
so the on-fault current of the GFM converter is larger than the
current in the recovery stage in Fig. 6(b). It is worth noting that
FCP is close to the ROC boundary and the clear angle is also
approximately equal to CRA in case B, the fault current and
recovery current are nearly the same in Fig. 6(c). If the fault
is cleared in the ROC region, as shown in Fig. 6(d), the ROC
phenomenon occurs because δc is larger than CRA. The results
are very consistent with theoretical analysis.

Another test with a larger inertia constant H = 6 s is also
studied, and the other settings are the same as above. The ROC
boundary is shown in Fig. 7(a) and the experimental results are
presented in Fig. 7(b)–(d). The ROC does not occur because the
fault is cleared before CRA in Fig. 7(b). The recovery current

Fig. 7. Comparison of theoretical ROC boundary and experimental results
with H = 6 s and Xse = 0.51 p.u. using different FCTs. (a) Phase portrait.
(b) tA = 80 ms. (c) tB = 165 ms. (d) tC = 350 ms.

Fig. 8. Comparison of theoretical ROC boundary and experimental results
with H = 4 s and Xse = 0.6 p.u. using different FCTs. (a) Phase portrait.
(b) tA = 70 ms. (c) tB = 120 ms. (d) tC = 180 ms.

rises to the fault current if the FCP is near the ROC boundary in
Fig. 7(c). The ROC occurs in Fig. 7(d), where δc is larger than
CRA. It matches the theoretical analysis well.

To validate the effectiveness of the proposed method under
different grid impedance conditions, the experimental test with
a larger equivalent impedance Xse = 0.6 p.u. is studied, and
the other settings are the same as the case with H = 4 s. The
ROC boundary is illustrated in Fig. 8(a) and the experimental
results are presented in Fig. 8(b)–(d). In the critical ROC state
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in Fig. 8(c), the magnitude of fault current and recovery current
is equal. When the FCP is smaller than CRA in Fig. 8(b), the
fault current is larger, otherwise, the recovery current is larger,
as shown in Fig. 8(d). The result matches the theoretical analysis
very well.

The above experimental results validate the effectiveness of
the proposed ROC boundary and CRA calculation method.

V. CONCLUSION

This letter describes the current trajectories of a GFM con-
verter in the current power angle plane to reveal the ROC
mechanism with the CRA concept. On top of that, the power
angle relationship in the critical ROC state is deduced from
the transient current constraint, and the ROC region is further
characterized quantitatively. Moreover, an analytical method for
CRA calculation is proposed to readily identify whether the ROC
state occurs. Experimental results validate the effectiveness of
the proposed method. This letter reveals the inherent relationship
between current behavior and power angle swing motion of
GFM control during grid fault transients, and it may provide
some new insights for transient analysis and control optimization
of the GFM converter.
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