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A DQ-Frame Asymmetrical Virtual Impedance
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Abstract—This article proposes a dq-frame asymmetrical virtual
impedance control scheme for preventing grid-forming (GFM)
inverters from the loss of synchronization with the grid under large
disturbances. The approach exploits the two degrees of freedom
in the dq-frame virtual impedance synthesis of GFM inverters,
and introduces a virtual transient impedance (VTI) scheme to
improve the power transmission capability and, thus, restoring
equilibrium points of GFM inverters during the large disturbances.
The transient stability of GFM inverters with the different kinds
of virtual impedance setting is analyzed to formulate the design
guideline of VTI method. Simulations and experimental tests are
presented to validate the effectiveness of the approach.

Index Terms—Grid-forming (GFM) inverters, synchronous
reference frame, transient stability, virtual impedance.

I. INTRODUCTION

THE INVERTER-BASED renewable energy sources are
gradually replacing fossil-fueled power stations that use

synchronous generators [1]. To accommodate the increasing
penetration of inverter-based sources, grid-forming (GFM) in-
verters that are controlled as voltage sources are demanded
by power system operators [2]–[4]. Recent studies have found
that GFM inverters have better stability robustness than grid-
following inverters in weak grids [5]–[7], yet they may lose
synchronism with the grid under large disturbances, e.g., grid
faults [8]–[11]. Such loss of synchronization (LOS) phenomena
are also known as transient stability issues [12].

The research work on the transient stability analysis of GFM
inverters is increasingly reported in recent years. Similar to syn-
chronous generators, the existence of equilibrium points (EPs) is
a necessary condition for keeping the synchronization of GFM
inverters under large disturbances [13]. The transient stability
issues are thus classified into the following two types [13], 1)
the Type-I transient stability with EPs after the disturbance,
and 2) the Type-II transient stability without EP. Yet, unlike
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synchronous generators, the EPs of GFM inverters are dependent
on their used control schemes, since the sensitive parameters,
such as droop coefficient, inertial constant, power reference,
and output impedance feature, are all programmable in GFM
inverters.

There has been some research work reported to enhance the
transient stability of GFM inverters. It has been shown that the
Type-I transient stability problem can be mitigated by adaptively
tuning the parameters of active power controller [14]–[16], or by
using a mode-adaptive control to change the sign of control loop
gain from positive to negative when the EP of the system enters
the unstable region [17]. However, for the Type-II transient
stability issue, there still lack an effective approach to restoring
the EPs of GFM inverters.

Further, to preserve the voltage-source characteristic of GFM
inverters during grid faults, the virtual impedance (VI) control is
commonly used to limit the overcurrent of GFM inverters. In [10]
and [18], the impact of VI on transient stability of GFM inverters
is discussed. The results indicate that a large VI can help limit
the fault current [18], [19], yet it may jeopardize the transient
stability performance due to the reduced power transmission
margin (PTM) [10].

To avoid the adverse effect of VI on the transient stability,
this article proposes an alternative way to utilize the VI control.
The general idea is to synthesize the VI in the dq-frame, and
then apply different VI setting at the d- and q-axis, such that
an additional degree of freedom in the VI control can be in-
troduced. With the asymmetrical dq-frame VI, the power–angle
relationship, which is critical to the transient stability of GFM
inverters, can be reshaped, and the different impact of d- and
q-axis VI on the PTM can be utilized. Further, a virtual transient
impedance (VTI) control is developed to restore the EPs during
severe grid faults, such that the Type-II transient instability can
be prevented. Time-domain simulations and experimental tests
are performed to verify the effectiveness of proposed approach.

II. TRANSIENT STABILITY PROBLEM OF GFM INVERTERS

A. System Description of Benchmark Study Case

Fig. 1 shows a general system diagram of a grid-connected
GFM inverter, which is integrated into the power grid through
a transformer and two paralleled transmission lines. Lleak and
ZT1–ZT3 represent the leakage inductance of transformer and
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Fig. 1. System diagram of the benchmark study case of this article: a gen-
eralized grid-connected GFM inverter with transmission margin change due to
fault.

the transmission line impedances, respectively. Vo and Io de-
note the output voltage and output current vectors of the GFM
inverter, respectively. Since the main concern of this work is
focused on the control of GFM inverter, the passive components
beyond point of common coupling are simplified as equivalent
impedance (Zg = Rg+jXg). In addition, the optional grid-side
inductor Lf is also considered as a part of Zg. A symmetrical
three-phase-to-ground fault is considered as the grid distur-
bance, which results in an increase of the equivalent impedance
Zg and reduced PTM [8], [13].

An inner voltage control loop is needed to regulate the output
voltage Vo of the GFM inverter, whose voltage reference is
determined by the outer power control loop and the virtual
impedance loop. It is noteworthy that the inner voltage control
loop is usually designed with a much faster dynamic when
compared with the outer power control loop [20], [21]. As the
transient stability is mainly determined by the dynamic of outer
power control loop, the inner voltage loop is assumed to have
ideal reference-tracking performance in this study.

In this work, active power–frequency droop is considered
as the frequency regulation method, since the optional inertia
emulation has no influence on the power–angle relationship
and PTM [8], [14], [15]. Nevertheless, an inductive VI is also
adopted in the control system of GFM inverter for the following
three reasons.

1) The GFM control scheme will naturally require a mini-
mum line impedance; otherwise, its stability will be poor
[9]. Meanwhile, this VI will increase the equivalent X/R
ratio of the inverter–grid system, which helps to ensure
decoupled active power–frequency regulation.

2) VI has significant impact and can be utilized for reactive
power sharing among paralleled GFM inverters [22].

3) VI has natural capability to limit the transient current,
which is also a commonly used current limitation method
during large grid disturbance [18], [19].

In this sense, a virtual inductor is considered for normal-state
operation of the studied GFM inverter.

B. Transient Stability Problem of the GFM Inverter

In Fig. 2, the equivalent circuit of the GFM inverter con-
nected to power grid is presented, in which the GFM inverter

Fig. 2. Equivalent circuit of benchmark study case.

is represented by a controlled-voltage source behind an internal
impedance. The internal-voltage source is regulated by the active
power control loop with a fixed voltage magnitude, whereas the
internal impedance is determined by VI loop.

By defining the equivalent impedance ZΣ of the transmission
circuit and phase angle difference between the internal-voltage
source and the infinite bus δ, which are given by{

ZΣ = Zg + ZV = RΣ + jXΣ

δ = θ − θg
. (1)

By considering the normal-state virtual inductor, the X/R ratio
of the equivalent circuit will be high enough to neglect the stray
resistor. In this case, the power–angle relationship of the grid-
connected GFM inverter can be expressed as

Po (δ) =
|E| |Vg|
XΣ

sin δ = PM sin δ (2)

where PM denotes the PTM of the GFM inverter [13].
The Po–δ curve is shown in Fig. 3. It can be easily found that

the Po–δ relationship is a nonmonotonic function in the range
of 0≤ δ ≤π. Po will first increase to its maximum value, i.e.,
the PM, and then decrease to zero. Thus, the Po–δ relationship
is divided into stable and unstable regions, where the presence
of unstable region is the root cause of the transient instability
phenomenon of the GFM inverter and conventional SG [13].

Based on different severity of the fault, the transient stability
problems can be further divided into two types, depending on
whether the system has EPs after a grid disturbance; both are
illustrated, as shown in Fig. 3.

1) Type-I transient stability problem (with EPs): The Po–δ
relationship of the Type-I transient stability problem is
shown in Fig. 3(a). In this case, EPs exist after the large
disturbance, in which a stable EP (SEP) and an unstable
EP (UEP) exist in the two regions, respectively. When
large grid disturbance occurs, the operating point will
move from a to b immediately due to fault. Driven by
the power unbalance (i.e., Po<Pref) after the large grid
disturbance, the output frequency of GFM inverter will
further increase and, thus, the operating point will move
from b to the SEP c. At this point, the operating point
will keep moving toward the UEP e, due to the presence
of delay or inertia contribution of GFM controller [10];
however, the movement is deaccelerating due to reverse
power unbalance (i.e., Po>Pref). In this case, the system
will recover and stabilize if the operating point does not
crossover the UEP e; otherwise, the frequency will in-
crease again and leads to LOS. The equal area criterion
suggests that with larger deaccelerating zone, the SG or
GFM inverter will have more chance to be stable [13].
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Fig. 3. Movement of operating point under large grid disturbance. (a) Type-I
transient stability problem. (b) Type-II transient stability problem.

Fig. 4. Block diagram of the GFM control with the proposed VTI scheme.

2) Type-II transient stability problem (without EP): The Po–δ
relationship of the Type–II transient stability problem is
shown in Fig. 3(b). In this scenario, the severity of grid
fault is even worse than that of the Type I. The during-fault
Po–δ curve has no EPs, so that the frequency of GFM
inverter will be continuously increasing and leads to LOS
directly.

III. PROPOSED ASYMMETRICAL VTI CONTROL METHOD

Fig. 4 presents the overall control diagram of the proposed
method. The proposal can be considered as a mode-switching
VI loop. In normal operation, the normal-state VI, i.e., ZVn,
will be performed to regulate the GFM inverter, as shown in
Fig. 1. During the large grid disturbance, the VI control loop
will be switched to the proposed VTI control method using
dedicated dq-frame asymmetrical VTI, i.e., ZVt, to perform the
fault-ride-through. To deploy the proposed control correctly, a

Fig. 5. Overall flowchart of proposed method. (a) Transient instability detec-
tion algorithm. (b) Reaction based on the proposed control method.

transient instability detector is also proposed to detect the LOS
phenomenon and, thus, control the timing of mode switching.

The overall flowchart of the proposed control method is shown
in Fig. 5, including both the transient instability detection and
the fault reaction by utilizing the proposed VTI method.

In addition, in this study, the power calculation is based on
internal-voltage reference. This slight change has been adopted
in recent research [23] and will have no influence on the normal
operation if the virtual inductor is used (i.e., benchmark study
case). However, by doing so, the behavior of the frequency
regulator can be based on the interaction between the two voltage
sources (i.e., E and Vg are shown in Fig. 2) correctly.

The main concern of the proposal is the Type-II severe grid
disturbance without EPs, in which the existence of EP shall be
restored to meet the necessary prerequisite of transient stability
at first place. For this reason, the proposed method is focused
on increasing the during-fault PTM by introducing especially
designed dq-frame asymmetrical VTI, and, thus, stabilizing the
GFM inverter by reobtaining EPs. In the following parts of this
section, the principle of the transient instability detector used in
the proposal and impact of the proposed dq-frame asymmetrical
VTI on the PTM of the system are both presented in detail.

A. Principle of Transient Instability Detection

By considering the feeder line dynamic of the equivalent
circuit shown in Fig. 2, the output current of the GFM inverter
under its own dq-reference frame can be expressed by
{
Lg

did
dt + rgid = (|E| − |Vg| cos δ) + (ωLg +Xv)iq

Lg
diq
dt + rgiq = (0 + |Vg| sin δ)− (ωLg +Xv)id

(3)
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where Lg denotes the physical inductance of the feeder line, ω
denotes the frequency of GFM inverter, and rg stands for the
inevitable stray resistance, which is small and neglectable.

The right-hand side is also known as the quasi-steady-state
phasor relationship, whereas the left-hand side suggests a natural
delay due to feeder line dynamic. In addition to this natural delay,
there will also be a low-pass filter and/or inertia and damping
emulation control in the frequency regulation loop of the GFM
inverter, which also forms a first-order delay [10].

With the first-order delay characteristic, the frequency regu-
lation function can be presented by{

ω = ω0 +mPset −mPcal

Pcal =
1

τs+1Po(δ)
(4)

where Pcal denotes the calculated output power for frequency
regulation and Po(δ) denotes the active power derived by phasor
derivation, a simplified form of which has been shown as (2).

The frequency regulation function (4) can be rewritten into a
differential equation

Hω̇ = Pset − Po(δ)−D(ω − ωn) (5)

where H = τ /m denotes the inertial constant, D = 1/m denotes
the damping factor, and ωn is the nominal frequency of the
inverter. In this study, we considerωn =ωg and both are constant
(100 π rad/s, i.e., 50 Hz). In which the power angle and its first-
and second-order differentiation can be further expressed by⎧⎨

⎩
δ = θ − θg =

∫
(ω − ωg)dt+ δ0

δ̇ = ω − ωg

δ̈ = ω̇ = 1
H [Pset − Po(δ)−D(ω − ωn)]

(6)

where δ0 denotes the initial phase between two voltage vectors.
It can be seen from (3) that the output current and its first-

order differentiation are both connected with the power angle
dynamic. By substituting (6) into (3), the relationship between
current and power angle dynamic can be detailed as⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Lg
did
dt + rgid = (|E| − |Vg| cos δ) + (ωgLg +Xv)︸ ︷︷ ︸

XΣ

iq

+dδ
dtLgiq

Lg
diq
dt + rgiq = (0 + |Vg| sin δ)− (ωgLg+Xv)︸ ︷︷ ︸

XΣ

id− dδ
dtLgid

(7)
As the movement of operating point is typically with slow

dynamic, it is reasonable to neglect the first two terms of the
right-hand side. In this sense, the current–angle relationship can
be approximated as { did

dt ∝ dδ
dt iq

diq
dt ∝ −dδ

dt id
. (8)

By (8), a natural indicator of the equivalent movement of δ
can be obtained by calculating the first-order differentiation of
both id and iq. It is noteworthy that for normal load swing, the
movement of δ will be stopped soon after the system reaches
its new SEP, whereas the movement will maintain continuously
if the transient instability occurs (see Fig. 9 and Section IV-A).
This feature forms the fundamental of the detection algorithm of

transient instability (i.e., LOS phenomenon), which is detailed
in the following part of this section.

B. Implementation of the Transient Instability Detector

As discussed in previous sections, the detection of transient
stability is essential to detect the LOS phenomenon, which can
be indicated by continuous change in both id and iq. Based
on this principle, a detection algorithm of transient instability
phenomenon can be derived, the flowchart of which has been
shown in Fig. 5(a).

To properly detect the continuous movement of the operating
point as the feature of LOS, the proposed transient instability
detector checks the magnitude of the first-order differentiation
of both id and iq. If the operating point is changed, the rate
of change of current (i.e., |did/dt| and |diq/dt|) will both have a
pulsed change. Yet, if stable, the movement of operating point
will follow the first-order characteristic and they will decay in
respect of the time constant of the system [24]. In addition,
the operating point movement on the Po–δ relationship curve
in the stable region is mainly driven by the change of Po and
id, the change of iq will be naturally smaller and decay in a
faster dynamic. For this reason, the magnitude threshold to detect
can be set mainly according to iq. As for the time threshold
[i.e., ACC in Fig. 5(a)], the system dynamic will follow a first-
order characteristic, and the time constant of this dynamic can
be utilized to design the time threshold.

It is noteworthy that the influence of line impedance is consid-
erable for setting the threshold due to its impact on the rate of the
change of the output current and the time constant of the system
dynamic. However, these parameters can be tested when GFM
inverters are installed and they will not change if the system is
not changed. Hence, the proposed transient stability detector is
possible to be implemented without knowledge on exact value
of the transmission line impedance.

As for the fault clearance, in case that the proposed VTI
control has successfully prevented LOS, the system will operate
at mostly full power with large δ over normal operation. In
this case, a short-term overcurrent will occur when fault is
cleared due to the sudden decrease of the line impedance. It
is worthy to notice that during the transmission line fault, which
is the focused-study case of this work, the output current of the
converter will be reduced during the fault due to increased line
impedance. Hence, the overcurrent will only occur if the fault is
cleared, which makes it a natural indicator for fault clearance.

C. Impact of Different VTI Design on Transmission Margin

As suggested in [10], the PTM of the GFM inverter is in-
fluenced by both transmission line impedance and the VI. In
Fig. 6(a), the Po–δ curve of a grid-connected GFM inverter with
commonly used inductive and resistive VI are both presented. It
can be found that virtual inductor will reduce the PTM, whereas
the virtual resistor will increase the PTM. However, a large
resistor will be needed in this scenario, it has been widely
reported that the reduced X/R ratio of the equivalent transmission
line will lead to a stronger coupling effect between the active
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Fig. 6. Transmission margin with different virtual impedance design. (a) Symmetrical virtual resistor Rv = 0.2 p.u., and virtual inductor Xv = 0.2 p.u.
(b) dq-frame asymmetrical inductor with Xd = 0.7 p.u. and Xq = 0.5 p.u. (c) dq-frame asymmetrical inductor with Xd = 0.5 p.u. and Xq = 0.7 p.u.

TABLE I
COMPARISON BETWEEN DERIVED IMPEDANCE DESIGNS

Fig. 7. PTM with derived impedance designs. (Line impedance set to be
0.5 p.u., VI set to be 0.2 p.u. per axis.)

Fig. 8. Voltage vector of GFM inverter before and after adopting different
impedance designs.

power and reactive power regulation; thus, the synchronization
stability and the frequency regulation will both be affected [25].

Besides these commonly used VI design, the power system
and electric machine study have both indicated that the internal
impedance of an SG can be complicated and asymmetrical. A
famous example is the salient-pole synchronous machine, the
internal impedance of which is dq-frame asymmetrical due to
its unique structure. The asymmetricity results in the reluctance
torque, which is additional second-order Po–δ relationship. The
Po–δ relationship of such a generator can be expressed by the
following [26]:

Po = (E + iqXq)id + (0− idXd)iq = Eid + idiq(Xq −Xd)

=
|E| |Vg|
Xd

sin δ︸ ︷︷ ︸
Pf

+
|Vg| sin δ

Xd

|E| − |Vg| cos δ
Xq

(Xq −Xd)︸ ︷︷ ︸
PR

(9)

where the Xd and Xq stands for the d- and q-axis internal
reactance of the SG, respectively. The first term represents the
fundamental Po–δ relationship (marked as Pf), the rest of the
term is introduced by the reluctance Po–δ relationship (marked
as PR).

It can be found that the commonly used Po–δ relationship
(2) is a simplification of (9) under assumption Xd = Xq

= X. In Fig. 6(b) and (c), the Po–δ curve under two kinds
of asymmetricity, i.e., Xd>Xq, and Xd<Xq, are shown. It can
be seen from the results that the presence of PR will increase
the PTM, i.e., the peak value of the Po–δ curve, but the peak
value will no longer appear at the point δ = π/2. Meanwhile, the
analytical results shown in both Fig. 6(b) and (c) indicated that,
no matter implemented by symmetrical or asymmetrical VI, the
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presence of the positive d-axis reactance will reduce the PTM
as it is affecting Pf significantly. Thus, it suggests that the d-axis
negative reactance (i.e., capacitive reactance) will be also helpful
to improve the PTM. In addition to that, with proper design, the
first monotonic region of the Po–δ curve can be enlarged [see
Fig. 6(c)], which provides an additional stability buffer region
for the power angle movement under grid disturbance.

Based on the theoretical analysis, five different impedance
designs can be derived to enhance the PTM, which are listed as
follows.

1) Virtual resistor (VR): positive virtual resistor.
2) Symmetrical virtual capacitor (sym. VC): symmetrical

virtual capacitor (i.e., negative virtual reactance).
3) Asymmetrical VI #1 (asym. VI #1): negative virtual reac-

tance on the d-axis only;
4) Asymmetrical VI #2 (asym. VI #2): positive virtual reac-

tance on the q-axis only;
5) Asymmetrical VI #3 (asym. VI #3): combination of asym.

VI #2 and asym. VI #3.
A comparison of these derived impedance designs regarding

their influence on different control variables is presented in
Table I, and a quantitative comparison of their PTM are given
in Fig. 7, in which the physical transmission impedance is set to
be 0.5 p.u., and the value of VI are set to be 0.2 p.u. for each of
these derived impedance designs.

It is noteworthy that the value of impedance discussed in
this article is relatively large when compared to normal-purpose
virtual impedance. Hence, it is necessary to take the voltage mag-
nitude after adopting VI into consideration, as the GFM inverter
has its physical limitation on its maximum output voltage. In
Fig. 8, the voltage–vector relationship of GFM inverter’s output
voltage is illustrated. It can be seen from the analytical results
shown in Figs. 7 and 8 that the impedance design asym VI #3 will
provide the greatest improvement on PTM with reduced output
voltage magnitude. For this reason, the impedance design asym
VI #3 is selected as the VTI control method of this article.

It is also important to notice that the increase of PTM will
be affected by both the line impedance and the VTI design.
Hence, it is impossible to give an optimal design regarding the
d- and q-axis VTI for all cases. However, a feasible range of VTI
can be given according to the line impedance feature of Type-II
transient instability issue. As mentioned in Section II, the line
impedance when LOS occurs will be always larger than 1.0 p.u.,
which gives an upper limitation of the VTI.

In this work, the VTI is set to have equal absolute value of
virtual reactance in d- and q-axis following the principle of asym
VI #3. The reactance is in the range of 0.5–0.7 p.u. to provide
significant increase on PTM without losing necessary margin
and conservativity for real-world implementation.

IV. SIMULATION VALIDATION

In this section, time-domain simulations are performed to
demonstrate and to verify the effectiveness of the proposed
asymmetrical VTI control method. The benchmark study case
shown in Fig. 1 is simulated, in which the major parameters
are given in Table II. It is noteworthy that inner-voltage control

TABLE II
PARAMETERS FOR SIMULATION STUDY CASE

loop and current limitation are both used in the simulation, and
the results, as will be shown in the following parts, justify the
prior-assumption made in Sections II and III when presenting
the transient stability issue of GFM inverters and deriving the
proposed VTI control method.

A. Verification of the Proposed Transient Instability Detection

In this part, the proposed transient instability detector is first
verified. In Fig. 9, the active power, d- and q-axis current (with its
first-order differentiation), and frequency dynamic of the GFM
inverter before and during the fault are presented. At t = 0 s,
the GFM inverter starts working with a zero-power setpoint. At
t = 0.2 s, a 0%–100% load step is performed by power setpoint
change; at t = 0.4 s, a 100%–0% load step is performed by
power setpoint change; at t = 1.0 s and t = 1.5 s, two 50% load
steps are performed. At t = 2.0 s, the transmission line fault
occurs and the line impedance increased from 0.49 to 1.49 p.u.;
thus, the short-circuit ratio (SCR) of the system falls from 2.02
down to 0.68. In this case, the GFM inverter suffers from the
LOS problem due to nonexistence of EP. Hence, both active
power and output current are continuously resonating due to the
change of angle δ with a low-frequency behavior. At t = 4.5 s,
the transmission line fault is cleared, whereas an overcurrent
(together with overpower) happens to the system.

It can be seen from the simulation results that the first-order
differentiation of id and iq show significantly different feature
during the load steps (after t = 0.2, 0.4, 1.0, or 1.5 s) and the
transient instability (after t = 2.0 s). During the load steps, the
did/dt has a very large magnitude and attenuate in a time scale
equal to the response time of power control, whereas the diq/dt
has small magnitude and attenuate fast. However, after LOS due
to grid disturbance, both did/dt and diq/dt will be continuously
resonating with a similar scale of magnitude, this feature is
utilized to distinguish the transient instability out of normal load
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Fig. 9. Power, current, and frequency dynamic before and after simulated grid
disturbance.

swing. It can be found that the proposed detection method can
easily detect the LOS phenomenon during transient instability;
moreover, it can distinguish the LOS from all kinds of large and
small load swing.

By adopting the proposed transient instability detection
method (see Fig. 5), the LOS is effectively detected at its early
stage. In this simulation scenario, the total time delay of the
proposed detection method is 0.08 s, which is much smaller
when compared with the resonance cycle of the output power
due to the LOS phenomenon.

B. Validation of the Proposed Asymmetrical VTI Control
Method

In this part, the proposed asymmetrical VTI control method
is validated for transient stability enhancement. In Fig. 10, the
active power, output current, and frequency dynamic of a GFM
inverter with the proposed asymmetrical VTI control method are
presented. In this simulation scenario, the GFM inverter employs
both the normal-state VI control and the proposed asymmetrical
VTI for transient stability enhancement. At t=0.1 s, the GFM in-
verter starts working with a 0%–100% load step. At t= 1.0 s, the
transmission line fault occurs and the line impedance increased
from 0.49 to 1.49 p.u.; thus, the SCR of the system falls from 2.02
down to 0.68 and the equivalent SCR (eSCR), which considers
both the line impedance and the normal-state VI of the GFM
inverter, falls from 1.41 down to 0.47. Hence, the GFM inverter

Fig. 10. Power, current, and frequency dynamic before and after simulated
grid disturbance.

starts to lose synchronism with the grid. However, the proposed
transient instability detector made an effective detection of the
transient instability with a total time delay of 0.077 s.

After detecting the transient instability phenomenon, the pro-
posed asymmetrical VTI is activated and replaced the normal-
state VI. By comparing results in Figs. 9 and 10, it can be easily
found that the PTM of the GFM inverter is increased by adopting
the proposed method. With this increased PTM, the synchronism
with the main grid is restored; thus, both output power and output
current are regulated as a constant value. The simulation results
matched with analytical results in Section III, and this validates
the effectiveness of the proposed method.

V. EXPERIMENTAL RESULTS

In this section, experimental results are presented to validate
the effectiveness of the proposed asymmetrical VTI control
method for transient stability enhancement of the GFM inverter.
The configuration of the experimental setup is presented in
Fig. 11. The experiment is carried out with a three-phase grid-
connected GFM inverter with downscaled voltage and power
rating, the major parameter of which are listed in Table III. In
addition, the power angle is calculated based on the phase of Vg

through a PLL and the internal angle reference θ by

δ = θ − θg. (10)
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Fig. 11. Configuration of the experimental setup.

TABLE III
PARAMETERS FOR EXPERIMENT

It is noteworthy that the power angle δ is given only as the
indicator of transient stability. The proposed method does not
require information on power angle and it does not need to
measure the gird voltage.

A. Test 1: Verification of the Improved PTM by VTI Control

In the first test, the improvement in PTM of the proposed
asymmetrical VTI control method is verified. In Fig. 12, the
experimental results are presented. In this test, at t0, the GFM
inverter is started with a load step from 0 to 1.0 p.u. At t1,
the power reference Pref is intentionally increased from 1.0 to
1.2 p.u.; thus, the SCR of the system falls from 1.05 down to
0.875. From this point, the GFM inverter starts to lose synchro-
nism with the grid, which can be easily found from the dynamic
power angle δ. At t2, the proposed asymmetrical VTI control is
enabled manually. In this case, the PTM is increased and a pair
of artificial EPs is created for the system. It can be found that the
GFM inverter is stabilized with a higher output power (1.2 p.u.)
and the synchronism with the grid is restored.

In Fig. 13, the experimental results of the improved PTM in
line fault scenario are presented. At t1, the line fault is emulated
and the grid impedance increased from 0.95 to 1.15 p.u.; thus,
the SCR of the system falls from 1.05 down to 0.865. For this

Fig. 12. Experimental results for Test 1 based on increased Pref (1.0–1.2 p.u.).

Fig. 13. Experimental results for Test 1 based on increased Lg (0.95–1.15 p.u.).

reason, the GFM inverter starts to suffer from LOS. At t2, the
proposed asymmetrical VTI control is enabled manually. It can
be found from the experimental results that the synchronization
is restored and the output power is increased to 1.2 p.u. soon
after enabling the proposed asymmetrical VTI control method.

By the experimental results shown in Figs. 12 and 13, it can be
found that the proposed asymmetrical VTI control can signifi-
cantly increase the PTM of the GFM inverter under both normal
operation and in-fault operation. With such an improvement,
the system reobtained a pair of EPs, which make GFM inverter
possible to be stabilized and synchronized with the main grid
once again during a sever fault. Thus, the transient stability of
the GFM inverter can be significantly enhanced.

B. Test 2: Fault-Reaction of the Proposed Control Method

For the fault response in a grid-connected system, the ef-
fectiveness and timeliness are equally important. Thus, in the
second test, the fault reaction of the proposed control method
is the main concern. The effectiveness of the proposed transient
instability detector is demonstrated and evaluated in this test.

In Fig. 14, the experimental results of test 2 are presented.
In this test, the grid fault is the same as shown in Fig. 14.
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Fig. 14. Experimental results for Test 2 based on emulated transmission line
fault (Lg increased from 0.95 to 1.15 p.u.) and nominal time threshold (0.2 s) of
the proposed transient instability detector.

Fig. 15. Experimental results for Test 2 based on emulated transmission line
fault (Lg increased from 0.95 to 1.15 p.u.) and intentionally increased time
threshold (1.5 s) of the proposed transient instability detector.

However, instead of manually enabling the proposed control
method, the proposed transient instability detector is controlling
the trigger of the proposed asymmetrical VTI control. In the
first test scenario, the time threshold of fault detection is set
to be 0.2 s. It can be seen from the experimental results that
the proposed detector has a fast response and the LOS issue is
eliminated at its early stage. In addition to that, the proposed
detector does not trigger at t0 when the GFM inverter starts with
a 100% load step. It indicates that the proposed detection method
can distinguish the transient instability phenomenon out of large
load swing, which is necessary for practical implementation.

In Fig. 15, the experimental results of another tested scenario
are presented. In this case, the time threshold is intentionally
increased to a larger value (from 0.2 to 1.5 s) to demonstrate
the system response if the transient detection is not sufficiently
fast. It can be seen from the experimental results that even if the
transient instability detector does not detect the LOS issue at its
early stage, the transient instability issue can still be detected
within the first resonance cycle. In this case, since the power
angle is already in unstable region, the GFM inverter will have
one-cycle power resonance and the synchronism with the grid
will be restored soon after enabling the proposed method.

It can be seen from the experimental results shown, by adopt-
ing the proposed asymmetrical VTI control method, the transient
stability issue of the GFM inverter under Type-II serve grid fault
that leads to nonexistence of EP can be significantly improved.
The GFM inverter can be fully synchronized with the grid, and

its power output can be maintained and regulated correctly as
normal states.

VI. CONCLUSION

In this article, a dq-frame asymmetrical VTI control approach
is proposed to enhance the transient stability of the GFM inverter
under Type-II serve grid disturbance. The proposed method
features for the unique increase of the during-fault PTM by
utilizing two-degree-of-freedom asymmetricity of the d- and
q-axis virtual impedance. By utilizing the joint effort of the
transient instability detector and the dedicated asymmetrical
VTI proposed in this article, the LOS and periodic power
resonance of GFM inverter during transient instability can be
prevented at their early stages. The physical mechanism and
the design philosophy of the proposed method are presented.
The effectiveness of the proposed method is verified by both
time-domain simulations and experiments. The results show
that the proposed dq-frame asymmetrical VTI can increase the
during-fault PTM and the proposed method can effectively and
timely prevent the GFM inverter from transient instability with a
well-regulated constant power output. By adopting the proposed
control method, the GFM inverter can work as normal during
severe grid fault and provides power and grid support to the local
power system, which can be helpful to prevent the system from
collapsing or black-out.
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