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ABSTRACT This paper addresses the transient stability of grid-forming (GFM) inverters when transitioning
from the islanded to grid-connected mode. It is revealed that the reconnection of the GFM inverters to
the main grid can be equivalent to a step change of the active power reference, whose impact is closely
related with the local load, active power reference of GFM inverter, and short-circuit ratio (SCR) of the grid.
Such equivalent disturbance may cause GFM inverters lose the synchronism with the grid. To avoid loss of
synchronization, the existence of equilibria of GFM inverter after reconnecting it with the grid is examined,
considering the varying SCR. Then, the parametric effects of power controllers on the transient stability
are characterized by using phase portraits, which shed clear insights into the controller design for reliably
reconnecting GFM inverters with grid. Lastly, all the theoretical findings are confirmed by experimental tests.

INDEX TERMS Grid-forming inverters, grid-connected mode, islanded mode, local load, resynchronization,
transient stability.

I. INTRODUCTION
Inverter-based resources (IBRs) are increasingly deployed to
accelerate the green transition of electric power grids [1]. To
accommodate the proliferation and even 100% IBRs, the grid-
forming (GFM) technology emerges as a promising solution
[2], [3]. By directly regulating the magnitude and frequency of
the output voltage, the GFM inverter is controlled as a voltage
source behind a reactance [4], [5].

Thanks to the voltage-source nature, GFM inverters are
able to operate stably with a low short-circuit ratio (SCR)
in the grid-connected (GC) mode [6], and naturally operate
in the islanded (IS) mode to maintain the system voltage and
frequency [7]. Hence, GFM inverters can get rid of the control
reconfiguration during the transition between the GC and IS
modes [8]. Yet, to avoid undesired overcurrent when GFM
inverters transitioning from the IS mode to GC mode, the
magnitude, frequency, and phase angle differences between
the inverter output voltage and grid voltage should meet the
requirement imposed by IEEE Std. 1547-2018 [9]. Hence,

resynchronizing GFM inverters with the grid is mandatory for
a smooth transition from the IS mode to GC mode [10].

The resynchronization methods used with GFM inverters
can be categorized into two groups. The first group is based
on the phase-locked loop (PLL). In [11], two PLLs are used to
obtain the phase angle difference between the inverter output
voltage and grid voltage. Then, the phase angle difference
is regulated by a proportional-integral (PI) controller, whose
output is added to the reference frequency generated by the
P-f droop control, to achieve zero phase angle difference. In
[12], only one PLL is used to detect the phase angle of grid
voltage, which is further used with the abc/dq-transformation
of inverter output voltage. Thus, a zero phase difference can
be realized by regulating the obtained q-axis output voltage
to zero. A similar idea is already reported in [13], where the
PLL is used to obtain the phase angle of grid voltage, which
is compared with the internal phase of GFM inverter and the
phase difference is used to adjust the frequency reference of
droop controller for resynchronization.
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The second group belongs to the PLL-free resynchroniza-
tion schemes, where the phase angle difference is obtained
without using the PLL. A virtual impedance-based resyn-
chronization method is reported in [14]. The main idea is to
emulate a virtual impedance between the GFM inverter and
grid, and the current flowing through the virtual impedance is
controlled to zero to resynchronize the inverter with the grid.
Another way to obtain the phase angle difference is through
the cross-product of the grid voltage and inverter voltage vec-
tors [15], [16], and a zero phase angle difference is achieved
by adjusting the reference frequency generated from the active
power control loop.

Generally speaking, once the output voltage of GFM in-
verter is resynchronized with the grid voltage, a seamless
transition from the IS to GC mode can be expected. How-
ever, as will be revealed later in this work, the GFM inverter
may still lose its synchronism with the main grid after the
reconnection with grid, and such loss of synchronism (LOS)
is attributed to the transient instability of GFM inverters [17].

Recently, the transient stability of GFM inverters is attract-
ing considerable attention. The transient stability of GFM
inverter with the first-order power synchronization control
(PSC) is analyzed in [18]. It is shown that the PSC-GFM in-
verter can maintain the synchronism as long as the equilibrium
points (EPs) exist after large disturbances. In contrast, when
the second-order PSC, e.g., the virtual synchronous generator
(VSG) control or the P-f droop control with a low-pass filter
(LPF), is applied with the GFM inverter for inertia emulation,
the transient stability would be deteriorated with a large in-
ertia, and the GFM inverter may lose its synchronism even
when the EPs exist [19]. The impact of Q-V droop control
on the transient stability of GFM inverter is analyzed in [20],
which reveals that the Q-V droop control can adversely affect
the transient stability. Besides, the impacts of inner control
loops, e.g., the single-loop voltage magnitude control and
current limiting control, on the transient stability of GFM
inverters have also been reported in recent studies [21]–[23].
Moreover, the transient stability of microgrids operating in
the IS mode has also been investigated [24], and the voltage
angle deviations with respect to the angle of the center of
inertia are used as a tool for transient stability assessment of
multi-VSGs microgrid [25]. However, all those works focus
on the transient stability of GFM inverters in either the GC
or the IS mode, while little attention has been paid to the
transient stability of GFM inverters transitioning between the
GC and IS modes. Recently, through the simulation tests, the
transient stability issues have been identified when the GFM
inverters transition from the GC to IS mode, and it reveals that
the local loads have a critical impact on the transient stability
during the transition process [26], [27]. However, the transient
stability in the transition of GFM inverters from the IS to GC
mode still remains an open issue.

This paper thus attempts to bridge the gap by revealing the
mechanism behind the LOS of GFM inverters in transitioning
from the IS to GC mode. The main contributions of this paper
are highlighted as follows.

� It is revealed that the reconnection of GFM inverters to
the main grid can be equivalent to a step change of the
active power reference, whose impact on the transient
stability of GFM inverter after reconnection is highly
dependent on the local load, the active power reference
of GFM inverter, and the short-circuit ratio (SCR) of the
grid.

� The existence of the EPs after the reconnection of GFM
inverters to the grid is examined, considering the impact
of varying SCR of the grid. It is found out that the
decrease of SCR increases the risk of losing EPs, and
hence, GFM inverters are prone to LOS when reconnect-
ing to a weaker ac grid.

� The impact of the Q-V droop control is characterized
through the phase portrait analysis. It is interestingly
found that the impact of Q-V droop control is also de-
pendent on the local load. When the local load demands
more active power than that generated by GFM inverter,
i.e., the active power is flowing from the grid to local
load, the Q-V droop control enhances the transient stabil-
ity of GFM inverter after reconnecting it with the grid. In
contrast, when the grid-side active power flow reverses
with the lower active power consumed by the local load,
the Q-V droop control jeopardizes the transient stability
after reconnecting GFM inverter with the grid.

� Further, the parametric effects of power controllers on
the transient stability of GFM inverters in transitioning
from the IS mode to GC mode are analyzed. It reveals
that the parametric effect of PSC is independent on the
direction of grid-side active power flow, whereas the
effect of the Q-V droop coefficient is closely related with
the direction of grid-side active power flow.

Lastly, all the theoretical findings are verified by experi-
mental test results.

II. RESYNCHRONIZATION OF GFM INVERTERS
A. SYSTEM DESCRIPTION
Fig. 1 shows the single-line diagram of a three-phase GFM
inverter with the local load. Lf and Cf denote the output LC
filter of inverter. The local load connected to the ac bus is
composed of the paralleled RLC components in this work. The
main grid consists of an ideal voltage source vg in series with
an inductor Lg. vpcc denotes the ac bus voltage. io and ig are the
output currents of the GFM inverter and the grid-side currents
injected into the grid, respectively. The switch S1 represents
the static transfer switch (STS). When S1 is closed, the GFM
inverter operates in the GC mode. When S1 is open, the GFM
inverter operates in the IS mode, where vs equals to vg. Hence,
vs is detected for resynchronization with the grid, to ensure a
smooth transition of GFM inverter from the IS to GC mode.

During abnormal condition of main grid, the GFM inverter
is intentionally disconnected from the grid and supplies power
to the local load. In the IS mode, the magnitude and fre-
quency of vpcc are determined by the GFM control scheme
and local load. When the main grid is restored, the magnitude
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FIGURE 1. Single-line diagram of a three-phase GFM inverter with the paralleled RLC local load.

FIGURE 2. Control block diagram of the GFM inverter with the
resynchronization control scheme, where the switch is in the position 1 for
resynchronization with the grid, and in the position 2 after reconnecting
inverter to the grid.

and frequency of vpcc may deviate from those of vs. If S1 is
directly closed, their magnitude and phase differences may
cause undesired transient overcurrent tripping the inverter.
According to IEEE Std. 1547-2018, the magnitude, frequency,
and phase differences between vpcc and vs should satisfy the
synchronization parameter limits before the reconnection of
GFM inverters [9]. Therefore, before the closure of S1, it is
necessary to assure that vpcc is in phase with vs (i.e., vg) for
the seamless transition of GFM inverters from the IS to GC
mode.

B. RESYNCHRONIZATION CONTROL SCHEME
The overall control structure of the GFM inverter is shown in
Fig. 2. The outer reactive power loop adopts the conventional
Q-V droop control in this work. Based on Fig. 2, the Q-V
droop control generates the voltage magnitude reference V for
the inner voltage control loop, whose control law is given by

V = Kq
(
Qre f − Q

) + V0 (1)

where Kq is the Q-V droop coefficient, V0 is the rated voltage
magnitude, and Qref is the reference value of the reactive
power.

The second-order PSC is used with the outer active power
loop, which is based on the P-f droop control with an LPF
for the emulation of inertia and damping effects. The output
of the active power loop dictates the reference of phase angle
θ for the inner voltage loop. Then, V and θ are used by the
voltage-controlled oscillator (VCO) to generate the voltage

vector reference v for the ac bus voltage. To tightly regulate
vpcc to follow its reference, the inner voltage control employs
the cascaded dual-loop vector voltage and current control
[18], which finally generates the modulation voltage reference
vom for the pulsewidth modulation.

The resynchronization control scheme reported in [11] is
used in this work to resynchronize vpcc with vs before the
closure of S1, whose control block diagram is shown in the
red dashed box in Fig. 2. It is worth noting that other resyn-
chronization methods can also be applied, while the transient
instability issue of reconnecting GFM inverter to the grid is
independent of the used resynchronization method, as will be
explained in Section III.B.

From Fig. 2, the phase angles of vpcc and vs are obtained
through two PLLs, respectively, and then their difference �θ

is fed into a PI controller, whose output �ωsync is added to
the output of PSC to determine the angular frequency ω of the
voltage reference. Thus, θpcc is equal to θ s in the steady state,
and an effective resynchronization is achieved.

The overall control law of the outer active power loop
during the resynchronization process (i.e., before the closure
of S1) is given by

θ = 1

s
·
[

Kp · ωc

s + ωc
· (

Pre f − P
)+(

kps+ kis

s

)
· �θ+ω1

]
(2)

where Kp is the P-f droop coefficient, ωc is the cut-off angular
frequency of the LPF, and Pref represents the active power
reference. kps and kis are the proportional and integral gains of
the PI controller in the resynchronization control, respectively.
ω1 is the grid fundamental angular frequency. It is worth
noting that the PI controller of the resynchronization control
loop is only enabled during the resynchronization process and
it must be deactivated after the closure of S1 to allow power
exchange between inverter and grid [11].

The effectiveness of the resynchronization control scheme
is tested by the PSCAD/EMTDC simulation with the main
system parameters listed in Table 1. The simulation wave-
forms during the transition from the IS to GC mode are
presented in Fig. 3, where Lg = 20 mH and Pref = 1.2 kW are
selected in this test. Before t = 1 s, the GFM inverter operates
in the IS mode supplying the power to the local load. Since the
output frequency of GFM inverter is deviated from the grid
frequency, there exists a phase angle difference between vpcc
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TABLE 1 Main System Parameters for Simulation and Experimental Tests

FIGURE 3. The simulation waveforms of the GFM inverter during the
transition from the IS to GC mode. The resynchronization controller is
enabled at t = 1 s and the STS S1 is closed at t = 2 s.

and vs. At t = 1 s, the resynchronization controller is activated
to synchronize vpcc with vs. It is observed that the phase angle
difference is regulated to zero around t = 1.4 s.

III. TRANSIENT INSTABILITY OF RECONNECTING GFM
INVERTER WITH GRID
A. PHENOMENON OF LOSS OF SYNCHRONISM
As shown in Fig. 3, after vpcc is in phase with vs, the STS S1 is
closed at t = 2 s to reconnect GFM inverter with the grid. It is
observed that an unexpected low-frequency oscillation arises,
causing the failure of grid reconnection. Therefore, though the
resynchronization is successfully achieved, the GFM inverter
may still lose its synchronism with the main grid during the
reconnection process. The mechanism behind this instability
phenomenon is revealed in the following.

B. CAUSE OF LOSS OF SYNCHRONISM
First, possible disturbance that results in this instability issue
should be identified. At the instant of grid reconnection, there
are actually two dynamic actions. One is the closure of S1, and

FIGURE 4. When the closure of S1 happens at t = 2 s and the bypass of PI
controller in the resynchronization control loop takes place at t = 3 s, the
simulation waveforms of the GFM inverter during the transition from the
IS to GC mode.

the other is the bypass of the PI controller of resynchroniza-
tion control.

To figure out which one of the two actions plays a critical
role in such instability phenomenon, these two actions are
intentionally separated in the timeline. The resulted simula-
tion waveforms are shown in Fig. 4, where the closure of
S1 happens at t = 2 s and the bypass of the PI controller
takes place at t = 3 s. It is observed that, during t = 2 to
3 s, even though the GFM inverter with the local load are
reconnected to the power grid, the entire system runs at the
previous operating point in the resynchronization process, i.e.,
the GFM inverter only supplies the power to the local load,
and there is no power injected into or extracted from the grid.
This is because vpcc and vg have exactly the same magnitude
and phase angle at t = 2 s, and this operating state will not be
changed due to the integrator of the PI controller. Hence, the
closure of S1 will not disturb the system equilibria.

On the contrary, it is observed that the bypass of the PI
controller at t = 3 s changes the system operating state, which
leads to the power redistribution among the network. Hence,
the disturbance that takes effect at the instant of grid recon-
nection is the bypass of PI controller in the resynchronization
control loop, and such disturbance is inevitable for the purpose
of the power exchange with the grid [11].

From the above discussion, it is figured out that the LOS of
the GFM inverter in transitioning from the IS to GC mode is
attributed to the bypass of resynchronization controller, which
is mandatory for the power redistribution among the network.
Therefore, this instability problem is independent of the used
resynchronization control scheme, but related with the way of
setting its output to zero. Directly setting the output of the PI
controller to zero is studied in this work to satisfy the time
requirement of the power redistribution after reconnecting the
GFM inverter with the grid. Another point to be noted is that
intentionally separate the closure of S1 and the bypass of PI
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FIGURE 5. Steady-state system equivalent circuit in the grid-connected
mode.

controller is only adopted to identify the disturbance after
grid reconnection, while simultaneous occurrence of these
two dynamic actions is applied for the following analyses.

C. MECHANISM OF LOSS OF SYNCHRONISM
Further, the mechanism behind the bypass of PI controller in
the resynchronization control loop is analyzed. According to
Fig. 2, the steady-state active power in the resynchronization
process can be expressed by (3) with the assumption that the
grid frequency is equal to ω1.

Kp
(
Pre f − P

) + �ωsync = Kp

⎛
⎜⎜⎜⎜⎝Pre f + �ωsync

Kp︸ ︷︷ ︸
Pre f eq

−P

⎞
⎟⎟⎟⎟⎠ = 0

(3)
Based on (3), the equivalent active power reference of the

GFM inverter in the resynchronization process can be treated
as Prefeq, which is equal to the steady-state active power
consumed by the local load. When the resynchronization is
achieved, vpcc will have the same magnitude and phase angle
with those of vg. Hence, Prefeq can be calculated as

Pre f eq = 1.5
V 2

g

R
(4)

where Vg is the magnitude of the grid voltage.
At the instant of grid reconnection, the bypass of PI con-

troller is realized by setting �ωsync to zero. Based on (3),
the equivalent active power reference will have a step change
from Prefeq to Pref with the zero setting of �ωsync. Hence, the
bypass of the PI controller can be further equivalent to a step
change of the active power reference �Pref, and its magnitude
is calculated by | Prefeq − Pref |. According to (4), it is found
out that the magnitude of �Pref is determined by the resistance
of local load and the active power reference of GFM inverter.

After obtaining �Pref, it is necessary to evaluate whether
it is a small or large disturbance to the system. To this end,
the way of obtaining the active power-angle curve, i.e., P -
δ curve, is introduced first. Based on Fig. 1, the steady-state
equivalent circuit of GFM inverter in the GC mode is shown in
Fig. 5, where the phase angle of the grid voltage is taken as the
reference angle. δ denotes the phase difference between vpcc

and vg, which is also known as the power angle. PL and QL are
the active and reactive power of the local load, respectively. Pg

and Qg are the active and reactive power flowing into the main
grid, respectively.

According to Fig. 5, the steady-state power flows of the
system in the GC mode are given by⎧⎨
⎩ P = PL + Pg = 3

2 · V 2

R + 3
2 · V ·Vg

Xg
sin δ

Q = QL + Qg = 3
2 · V 2

R · Q f

(
f0
f1

− f1
f0

)
+ 3

2 · V 2−VVg cos δ

Xg

(5)
where Xg = 2π f1Lg, f1 is the grid fundamental frequency, Qf

denotes the quality factor of the RLC load, and f0 represents
the resonant frequency of the RLC load. Qf and f0 can be
calculated as

Q f = R ·
√

C

L
f0 = 1

2π
√

LC
(6)

By substituting the reactive power equation in (5) into (1),
the steady-state relationship between V and δ is solved as

V =
n +

√
n2 + 6KqXg

(
1 + XgQ f m

R

) (
KqQre f + V0

)
3Kq

(
1 + XgQ f m

R

) �= g (δ)

(7)
where {

m = f0
f1

− f1
f0

n = 1.5KqVg cos δ − Xg
(8)

Then, the relationship between P and δ can be obtained by
substituting (7) into the active power equation in (5), which is
given by

P = 3

2
· g2 (δ)

R
+ 3

2
· g (δ) · Vg

Xg
sin δ (9)

Based on (9), the P - δ curve can be readily plotted under
certain SCR of grid and local load conditions. Fig. 6 illustrates
the P - δ curves under strong and weak grids, where the main
system parameters except Lg in Table 1 are applied and Pref =
1.2 kW is selected. Different SCRs are emulated by varying
Lg, where the SCR is calculated by

SCR = 3

2
· V 2

g

XgPre f
(10)

It is noted that the calculation of SCR in this work follows
a general way without considering the impact of the local
load. From Fig. 6, when the resynchronization is achieved, the
GFM inverter initially operates at point o with δ = 0, which is
exactly the intersection point between Prefeq and P - δ curves.
When the STS S1 is closed, the bypass of PI controller will
make the operating point of the GFM inverter move from point
o to the new EP, which is the intersection points between Pref

and P - δ curves.
Under the strong grid condition, i.e., SCR = 8, the GFM

inverter will move from point o to point a’ after the closure
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FIGURE 6. P - δ curves to show different impacts of equivalent disturbance
under strong and weak grid conditions.

of S1. From the P - δ curve with SCR = 8, it is observed that
Pref is far away from the maximum active power transfer limit.
Hence, the equivalent active power reference step change can
be treated as a small disturbance to the reconnection of GFM
inverter with a strong grid, where dynamics of such transition
process is governed by the small-signal stability around EPs.
In contrast, when the SCR is reduced to 1, it is clear that Pref

is close to the maximum active power transfer limit, which
thus makes such equivalent step change become a large dis-
turbance bringing the transient instability challenge to GFM
inverters after the grid reconnection. From Fig. 6, there exist
two intersection points between Pref and P - δ curve. One is the
stable EP a, and the other is the unstable EP b. The transient
stability of GFM inverter is guaranteed only when δ finally
converges to point a after the grid reconnection.

Therefore, it can be concluded that, whether the equivalent
step change of active power reference �Pref is a small or large
disturbance to the grid-reconnection of GFM inverters is not
only determined by the difference between Prefeq and Pref,
but also affected by the SCR of grid. Even if the magnitude
of �Pref is the same, it may cause a small disturbance in
the strong grid condition, yet becomes a large disturbance if
reconnecting GFM inverter to a weak grid. Since the small-
signal stability under certain EPs of GFM inverters has been
well documented in [17], this paper mainly focuses on the
transient stability of GFM inverter during the transition from
the IS to GC mode.

IV. TRANSIENT STABILITY ANALYSIS OF GFM INVERTERS
AFTER GRID RECONNECTION
A. IMPACT OF SCR ON THE EXISTENCE OF EQUILIBRIUM
POINTS
To ensure a stable transition of GFM inverter from the IS
to GC mode, a necessary condition is that the GFM inverter
system has EPs after the grid reconnection [18].

FIGURE 7. P - δ curves to analyze the impact of SCR on the existence of
the EPs after grid reconnection.

Based on (2), P will be equal to its reference value Pref in
the steady state after grid reconnection with the assumption
that the grid frequency is ω1. Consequently, the existence of
the EPs can be easily predicted if there exist the intersection
points between Pref and the P - δ curve. Following the similar
way to plot the P - δ curves in Figs. 6, 7 shows the P - δ curves
to analyze the impact of SCR on the existence of EPs, where
Pref = 1 kW is used as an example.

From Fig. 7, it is observed that the GFM inverter has the
EPs with SCR = 4. When the SCR is decreased to 2, Pref will
gradually approaches to the maximum active power transfer
limit but still has the EPs with the P - δ curve. When SCR is
further decreased to 1, there is no intersection point between
Pref and the P - δ curve, which indicates that the GFM inverter
will lose its synchronism with the grid after the closure of S1.
Hence, the decrease of SCR would increase the risk of losing
EPs, which implies that the GFM inverter is more prone to the
LOS when it is reconnected to a weaker grid.

B. DYNAMIC MODEL OF GFM INVERTERS AFTER GRID
RECONNECTION
Since the existence of EPs is only the necessary condition
of transient stability, further nonlinear dynamic analysis is
needed after reconnecting GFM inverter with the grid. Based
on the principle of model reduction, the fast-timescale dynam-
ics of the system are idealized when analyzing slow-timescale
dynamics [28]. As the dynamic of inner voltage control loop is
usually designed much faster than that of the outer power con-
trol loops, the inner voltage loop is idealized as a unity gain
in the transient stability analysis, i.e., vpcc tracks its reference
v ideally [20].

According to Fig. 2 and considering θg = ω1t, the expres-
sion of δ is obtained as

δ = 1

s
·
[

Kp · ωc

s + ωc
· (

Pre f − P
) + �ωsync

]
(11)
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By applying the differentiator on both sides of (11), the
dynamic behavior of δ is given by

δ̈ = −ωcδ̇ + ωc
[
Kp

(
Pre f − P

) + �ωsync
] + �ω̇sync (12)

According to (12) and considering �ωsync = 0 after grid
reconnection, the dynamic behavior of δ is derived as

1

ωcKp
δ̈ = − 1

Kp
δ̇ + Pre f − 1.5

V 2

R
− 1.5

V · Vg

Xg
sin δ (13)

By combining (1) with the reactive power equation, the
dynamic of V is expressed as

V = Kq

×
{

Qre f − 3

2
·
[

V 2−V ·Vg cos δ

Xg
+V 2

R
·Q f

(
ω0

ω
− ω

ω0

)]}
+ V0

(14)

where ω = θ̇ = δ̇ + ω1. Based on (14), the dynamic rela-
tionship between V and δ can be given by (15), shown at the
bottom of this page.

Finally, the dynamic behavior of δ with the consideration of
the Q-V droop control can be derived by substituting (15) into
(13), whose expression is given by

1

ωcKp
δ̈ = − 1

Kp
δ̇ + Pre f − 1.5

h2 (δ)

R
− 1.5

Vg · h (δ)

Xg
sin δ

(16)

C. IMPACT OF Q-V DROOP CONTROL ON THE TRANSIENT
STABILITY
Based on (16), the phase portrait, which illustrates the δ̇-δ
curve, is applied for the system transient stability assessment
[29]. The Matlab command “ode45” is adopted to solve (16)
with the initial value (0, 0) when resynchronization is attained.
It is known that the active power will be extracted from the
grid after reconnection when the local load demands more
active power than that generated by GFM inverter, i.e., Pref

< Prefeq, and the grid-side active power flow reverses with the
lower active power consumed by the local load, i.e., Pref >

Prefeq. Hence, the direction of grid-side active power flow can
be emulated by setting different Pref. The obtained phase por-
traits with the Q-V droop control are shown in Fig. 8, where
the main system parameters listed in Table 1 are applied, and
Lg = 20 mH is selected. To clearly show the impact of the Q-V
droop control on the transient stability, the phase portraits with
a constant voltage magnitude control, i.e., V = V0 = 1.0 p.u.,
are also plotted in Fig. 8 for a comparison.

From Fig. 8(a), it is observed that, with a constant V, the
trajectory starts from the initial steady-state point o and finally
converges to a new stable EP c, indicating that the system

(b)

FIGURE 8. Phase portraits of the GFM inverter with and without
considering the Q-V droop control when (a) the active power is injected
into the grid after reconnection, (b) Active power is extracted from the grid
after reconnection.

transient stability is assured after the grid reconnection. Since
δ > 0 during the dynamic process, it is known that the active
power is injected into the grid in this condition. However,
when the Q-V droop control is included, the GFM inverter
cannot keep synchronism with the grid due to the divergence
of δ. Hence, from Fig. 8(a), it is concluded that the Q-V droop
control tends to deteriorate the system transient stability. This
finding coincides with the existing conclusion reported in
[20]. Nevertheless, it is interesting to note that, this conclusion
is no longer valid for the phase portraits presented in Fig. 8(b).
From Fig. 8(b), it can be observed that, when the active power
is extracted from the grid after the reconnection (δ < 0), the
case with a constant V cannot achieve a stable transition of
GFM inverter from the IS to GC mode. On the contrary, with

V =
1.5KqVg cos δ − Xg +

√(
1.5KqVg cos δ − Xg

)2 + 6KqXg

[
1 + XgQ f

R ·
(

ω0
δ̇+ω1

− δ̇+ω1
ω0

)] (
KqQre f + V0

)
3Kq

[
1 + XgQ f

R ·
(

ω0
δ̇+ω1

− δ̇+ω1
ω0

)] �= h (δ) (15)
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the help of the Q-V droop control, the GFM inverter keeps the
transient stability with the trajectory of δ converging to a new
stable EP.

Based on the above analysis, it is found that the impact of
the Q-V droop control on the transient stability depends on
the direction of grid-side active power flow. When the active
power is extracted from the grid after the reconnection, the
Q-V droop control can enhance the transient stability. By con-
trast, when the active power is injected into the grid after the
reconnection, the Q-V droop control jeopardizes the transient
stability.

The physical insights of the above conclusions can be fur-
ther qualitatively explained by the P - δ curves with and
without the Q-V droop control, which are illustrated in Fig. 9.
In the range of δ > 0, i.e., when the active power is injected
into the grid, it is observed that, the P - δ curve with the Q-V
droop control has poorer active power transfer capability, in
comparison with the P - δ curve with a constant V. Conse-
quently, when δ moves from the initial point o to a new stable
EP after the reconnection, the acceleration area is increased
and the deceleration area is decreased, which, according to the
equal area criterion [30], indicates that the Q-V droop control
jeopardizes the transient stability. In contrast, the opposite
phenomenon can be observed in the range of δ < 0, where
the P - δ curve with the Q-V droop control has smaller accel-
eration area and larger deceleration area compared to the P - δ

curve with a constant V. In this scenario, the transient stability
is enhanced by the Q-V droop control. It should be men-
tioned that the above descriptions are merely approximated
elaboration, since the P - δ curve with the Q-V droop control
during dynamic process is always changing with the change of
V, and the dynamic of V is determined by (15). Even so, these
P - δ curves can, to some extent, reveal the physical insights
of the above findings, and they are also match with rigorous
phase portrait-based transient stability analysis presented in
Fig. 8.

D. PARAMETRIC EFFECTS OF POWER CONTROLLERS ON
THE TRANSIENT STABILITY
Next, the parametric effects of the power controllers on the
transient stability during the transition process are investi-
gated. The controller parameters related with the PSC are
analyzed first, where the cutoff frequency fc of the LPF
is taken as an example. By varying fc and keeping other
parameters fixed, the corresponding phase portraits with dif-
ferent directions of grid-side active power flow are plotted
in Fig. 10. Fig. 10(a) shows the cases in which the active
power is extracted from the grid after the reconnection. From
Fig. 10(a), when fc = 10 Hz, the phase portrait starts from the
initial point o, and then moves to a new stable EP d indicating
a transient stable transition after the closure of S1. Besides,
compared to the case with fc = 2 Hz, an overdamped dynamic
response is achieved. In contrast, when fc = 0.5 Hz, the phase
portrait finally diverges leading to an unstable transition from
islanded to grid-connected mode. The same impact of fc on
the transient stability can also be observed from Fig. 10(b),

FIGURE 9. P - δ curve with and without considering the Q-V droop control
to qualitatively explain the relationship between the Q-V droop impact on
the transient stability and the grid-side active power flow direction.

where the active power is injected into the grid after the
reconnection. Hence, it is concluded that the decrease of fc
deteriorates the transient stability, regardless of the grid-side
active power flowing direction. The effect of P-f droop coeffi-
cient can also be analyzed in a similar way, where the obtained
phase portraits with different Kp are shown in Fig. 11. It is
observed that the impact of Kp on the transient stability during
transition process is independent on the grid-side active power
flow direction, and the decrease of Kp leads to a more damped
system with the enhancement of transient stability.

Further, the controller parameter related with the Q-V droop
control, i.e., the droop coefficient Kq, is analyzed, and the
corresponding phase portraits are presented in Fig. 12. It is
observed from Fig. 12(a) that, the increase of Kq can enhance
the transient stability when the active power is extracted from
the grid after reconnection. On the contrary, from Fig. 12(b),
the increase of Kq jeopardizes the transient stability when the
active power is injected into the grid.

A brief summary of parametric effects of the power con-
trol loops to enhance the transient stability during transition
process is listed in Table 2. It is concluded that the transient
stability can be enhanced by decreasing Kp or increasing fc in
the PSC loop, regardless of the grid-side active power flowing
direction after the grid reconnection. As for Kq in the Q-V
droop control, its impact on the transient stability is dependent
on the grid-side active power flowing direction. The decrease
of Kq when δ > 0 or the increase of Kq when δ < 0 can
enhance the system transient stability.

E. IMPACT OF INDUCTIVE AND CAPACITIVE LOAD ON THE
TRANSIENT STABILITY
Based on (5), the reactive power consumed by the RCL load is
rewritten in (17). From (17), when f0 > f1, QL will be positive.
According to the power flow direction defined in Fig. 5, the
RLC load absorbs the reactive power in this case indicating an
inductive load. In contrast, when f0 < f1, QL will be negative
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FIGURE 10. Phase portraits of the GFM inverter with different LPF cutoff frequency fc of the PSC when (a) the active power is extracted from the grid
after reconnection, (b) the active power is injected into the grid after reconnection.

FIGURE 11. Phase portraits of the GFM inverter with different droop coefficients Kp of the PSC when (a) the active power is extracted from the grid after
reconnection, (b) the active power is injected into the grid after reconnection.

FIGURE 12. Phase portraits of the GFM inverter with different Q-V droop coefficient Kq when (a) the active power is extracted from the grid after
reconnection, (b) the active power is injected into the grid after reconnection.
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TABLE 2 Parametric Effects of Power Control Loops to Enhance Transient Stability

FIGURE 13. P - δ curves with different types of the local load.

representing a capacitive load. Therefore, it is convenient to
emulate different types of the local load by choosing different
resonant frequencies f0.

QL = 3

2
· V 2

R
· Q f

(
f0

f1
− f1

f0

)
(17)

According to the above explanations, the P - δ curves with
different types of local load can be readily plotted based on
(9) by setting different f0. The corresponding P - δ curves
are shown in Fig. 13, where f0 = 30 Hz is adopted as an
example of the capacitive load and f0 = 70 Hz is selected as
an example of the inductive load. From Fig. 13, it is observed
that, compared to the case with f0 = 50 Hz, the capacitive or
inductive load only makes the P - δ curve move up or down
without modifying its shape. Hence, the reconnection of GFM
inverters to the grid can still be equivalent to a step change of
active power reference. Since the mechanism behind possible
loss of synchronism of GFM inverters transitioning from IS
to GC mode keeps the same for the different types of local
load, all the theoretical analyses and conclusions obtained in
the previous parts are still valid for both the capacitive and
inductive local loads.

V. EXPERIMENTAL RESULTS
To verify the correctness of the theoretical findings on the
transient stability of GFM inverters when transitioning from
the IS to GC mode, the experimental tests are conducted,
where the configuration of the experimental setup is shown
in Fig. 14. The main system parameters listed in Table 1 are

FIGURE 14. Configuration of the experimental setup.

used for the experimental setup. The inverter under test is a
Danfoss VLT FC-302 frequency inverter, and the power grid
is emulated by a Chroma Grid Simulator 61845. The control
scheme is implemented in the DS1007 dSPACE system.

In the experimental tests, the GFM inverter initially oper-
ates in the IS mode supplying the power to the local load.
Then, the resynchronization controller is enabled to resyn-
chronize vpcc with vs. After that, the STS S1 is closed to
reconnect the GFM inverter with the grid. Since the effec-
tiveness of the adopted resynchronization control scheme has
been validated in [11], the experimental waveforms illustrated
in the following only show the time periods after the comple-
tion of resynchronization to focus on the transient stability of
GFM inverters transitioning from the IS to GC mode.

A. VERIFICATION OF IMPACT OF SCR ON THE EXISTENCE
OF EQUILIBRIUM POINTS
The impact of the SCR on the existence of EPs is exam-
ined first. To emulate different SCRs, Lg = 6 mH (i.e., SCR
= 4) and Lg = 24 mH (i.e., SCR = 1) are selected and
tested, respectively. The corresponding experimental wave-
forms of GFM inverter during transition process are presented
in Fig. 15. From Fig. 15(a), after the closure of S1, the GFM
inverter can keep the synchronism with the grid and achieve a
smooth transition from the IS to GC mode under the condition
of SCR = 4. In contrast, when SCR is reduced to 1, the GFM
inverter loses synchronism with the grid after reconnection as
shown in Fig. 15(b). Such transient instability is correctly pre-
dicted by the P - δ curves in Fig. 7, since there does not exist
the EPs after grid reconnection under the case of SCR = 1
when Pref = 1 kW. Hence, these experimental results confirm
the correctness of the impact of the SCR on the existence of
EPs.
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FIGURE 15. When Pref = 1 kW, the experimental waveforms of GFM
inverter during transition from the IS to GC mode under different SCRs. (a)
SCR = 4, (b) SCR = 1.

B. VERIFICATION OF THE IMPACT OF Q-V DROOP
CONTROL ON THE TRANSIENT STABILITY
Next, the impact of the Q-V droop control on the transient
stability is tested, where Lg = 20 mH is used for the following
tests. Based on the theoretical findings, since its impact is
dependent on the direction of grid-side active power flow, two
scenarios for different grid-side active power flowing direc-
tions are emulated, which is realized by setting different active
power references for the PSC of the GFM inverter. Besides,
the GFM inverter with the constant voltage magnitude control,
which is implemented by setting V = V0 = 1.0 p.u., is also
tested for the comparison. Firstly, the scenario when the active
power is injected into the grid after the reconnection is tested
by setting Pref = 2.8 kW. The experimental waveforms of the
GFM inverter with the Q-V droop control during transition
process are shown in Fig. 16(a). It is observed that the GFM
inverter cannot keep synchronism with the grid after the clo-
sure of S1. In contrast, the experimental waveforms shown in
Fig. 16(b) demonstrate that the constant voltage magnitude
control guarantees the system transient stability during transi-
tion process. The above observations coincide with the phase
portraits presented in Fig. 8(a). Hence, the conclusion that the
Q-V droop control deteriorates the transient stability of GFM
inverters when the active power is injected into the grid after
the reconnection is verified.

Similarly, the scenario when the active power is extracted
from the grid after the reconnection is also tested by set-
ting Pref = 1.2 kW, and the corresponding experimental

FIGURE 16. When Pref = 2.8 kW (the active power is injected into the grid
after the reconnection), the experimental waveforms of GFM inverter
during transition from the IS to GC mode with (a) the Q-V droop control
(Kq = 0.1 p.u. and fc = 0.5 Hz), (b) the constant voltage magnitude control.

waveforms during transition process are shown in Fig. 17. It
is observed that, differing from the previous case, the GFM
inverter with the constant voltage magnitude control suffers
from the transient instability issue when it is reconnected to
the grid as shown in Fig. 17(b). On the contrary, the Q-V droop
control can enhance the system transient stability and help the
GFM inverter keep synchronism with the grid after the clo-
sure of S1 as shown in Fig. 17(a). These experimental results
are also in accordance with the phase portraits presented in
Fig. 8(b). Consequently, it is proved that the Q-V droop con-
trol can benefit the transient stability when the active power is
extracted from the grid after the reconnection.

C. VERIFICATION OF PARAMETRIC EFFECTS OF POWER
CONTROLLERS ON THE TRANSIENT STABILITY
Lastly, the parametric effects of the power controllers on the
transient stability are verified, where Lg = 20 mH is used and
different grid-side active power flowing directions are tested,
respectively.

The cutoff frequency fc of the LPF in the PSC loop is exam-
ined first. When Pref = 1.2 kW, the experimental waveforms
of the GFM inverter with fc = 10 Hz during transition process
are presented in Fig. 18(a). It is clear that a stable transition
is achieved after the closure of S1. Nevertheless, when fc is
decreased to 1 Hz, the GFM inverter loses its synchronism
with the grid during transition process as shown in Fig. 18(b).
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FIGURE 17. When Pref = 1.2 kW (the active power is extracted from the
grid after reconnection), the experimental waveforms of GFM inverter
during transition from the IS to GC mode with (a) the Q-V droop control
(Kq = 0.1 p.u. and fc = 2 Hz), (b) the constant voltage magnitude control.

When the grid-side active power flowing direction is re-
versed by setting Pref = 2.8 kW, the experimental waveforms
of the GFM inverter with fc = 10 Hz and Kq = 0.1 p.u. during
transition process are illustrated in Fig. 19, where a transient
stable transition of GFM inverter is observed. Comparing to
the case with fc = 0.5 Hz and Kq = 0.1 p.u. presented in
Fig. 16(a), it is found that the decrease of fc jeopardizes the
system transient stability. Based on the above observations,
it is verified that the impact of fc on the transient stability
is independent on the direction of the grid-side active power
flow, and the experimental results shown in Figs. 16(a), 18 and
19 coincide with the phase portraits plotted in Fig. 10.

Then, the impact of the Q-V droop coefficient under differ-
ent grid-side active power flowing directions is tested. Fig. 20
shows the experimental waveforms of GFM inverter during
transition process when Pref = 1.2 kW. From Fig. 20, the
GFM inverter can maintain synchronism with the grid after the
closure of S1 with Kq = 0.2 p.u. and fc = 0.5 Hz. Comparing
to the case with Kq = 0.1 p.u. and fc = 0.5 Hz illustrated
in Fig. 18(b), where the transient instability occurs during
the transition process, it is found that the increase of Kq en-
hances the system transient stability when the active power is
extracted from the grid after the reconnection.

By contrast, when the grid-side active power flowing direc-
tion is reversed by setting Pref = 2.8 kW, the experimental
waveforms of the GFM inverter with Kq = 0.3 p.u. and fc =

FIGURE 18. When Pref = 1.2 kW, the experimental waveforms of GFM
inverter during transition from the IS to GC mode with different LPF cutoff
frequency fc of the PSC. (a) fc = 10 Hz and Kq = 0.1 p.u., (b) fc = 0.5 Hz and
Kq = 0.1 p.u.

FIGURE 19. When Pref = 2.8 kW, the experimental waveforms of GFM
inverter during transition from the IS to GC mode with fc = 10 Hz and Kq =
0.1 p.u.

10 Hz during transition process are illustrated in Fig. 21. It is
clear that the GFM inverter suffers from transient instability
after the closure of S1. Comparing to the case with Kq = 0.1
p.u. and fc = 10 Hz presented in Fig. 19, it is confirmed that
the increase of Kq deteriorates the system transient stability if
the active power is injected into the grid after reconnection,
which is opposite to the case when the direction of grid-side
active power flow is reversed. The above observations are
also in accordance with the phase portraits shown in Fig. 12.
Hence, it is verified that the impact of Kq on the transient
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FIGURE 20. When Pref = 1.2 kW, the experimental waveforms of GFM
inverter during transition from the IS to GC mode with Kq = 0.2 p.u. and fc

= 0.5 Hz.

FIGURE 21. When Pref = 2.8 kW, the experimental waveforms of GFM
inverter during transition from the IS to GC mode with Kq = 0.3 p.u. and fc

= 10 Hz.

stability is dependent on the grid-side active power flowing
direction.

VI. CONCLUSION
This paper presents the transient stability analysis for GFM in-
verters when transitioning from the IS to GC mode. It has been
found out that, although the resynchronization is achieved, the
GFM inverter may still lose its synchronism with the grid
during the reconnection process. Such reconnection can be
equivalent to a step change of the active power reference,
where the local load, active power reference of GFM inverter,
and the SCR of grid jointly determine its impact on the tran-
sient stability after grid reconnection. Next, based on the P -
δ curve, it has been revealed that the SCR also has a critical
impact on the existence of EPs, where the decrease of SCR
makes GFM inverter more prone to the LOS when reconnect-
ing to the grid. Then, through phase portrait-based analysis,
it has been found out that the Q-V droop control can enhance
the transient stability of GFM inverter if the active power is
extracted from the grid after reconnection. In contrast, the
Q-V droop control jeopardizes the transient stability when
the direction of grid-side active power flow is reversed. Fur-
ther, the relationship between the parametric effects of power
controllers and grid-side active power flow direction has also
been identified, which provides a controller design guideline

to stably reconnect GFM inverters with the grid. Finally, all
the findings have been validated by the experimental results.
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