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Adaptive Virtual Resistance for Post-fault Oscillation
Damping in Grid-forming Inverters

Si Phu Me, Student Member, IEEE, Sasan Zabihi, Senior Member, IEEE,
Frede Blaabjerg, Fellow, IEEE, and Behrooz Bahrani, Senior Member, IEEE

Abstract—Post-fault oscillations in active power and voltage
responses of grid-connected Voltage Source inverters (VSIs) have
been reported in the literature. They are caused by non-ideally-
tuned controllers and the implemented current limitations used
for protecting the VSIs from over-currents. These oscillations
become even more significant when the VSI is connected to a
weak grid, deteriorating the recovery process of the VSI. This
paper presents a method for damping the post-fault oscillations
by using an adaptive virtual resistor (VR). Even though these
oscillations are observed with both grid-following and grid forming
inverters, this paper focuses on droop-based grid-forming inverters.
The proposed method dynamically integrates a VR into the VSI
control and removes it in the normal operation mode of the VSI.
This method is implemented in the Synchronous Reference Frame
(SRF), which is commonly used due to its decoupled active and
reactive power control. The amount of virtual resistance used for
oscillation damping is adaptive to the recovery rate of the VSI.
Hence, the proposed method is robust against changes in grid
strength. Finally, the performance of the method is evaluated in
PSCAD/EMTDC and also experimentally validated.

Index Terms—Current Limitation, Grid-forming Inverter, Virtual
Impedance, Voltage Source Converters.

I. INTRODUCTION

GRID-forming inverters (GFMIs) have been attracting sig-
nificant attention in the literature due to their flexibility in

both grid-connected and standalone operation [1], and being able
to overcome the drawbacks of the grid-following inverters [2]–
[4]. Various grid-forming control structures for GFMIs have been
proposed, including droop-based control [5], [6], virtual syn-
chronous generator (VSG) control [7], [8], synchronous power
control (SPC) [1], power synchronization control [9], and virtual
oscillator control [10]. Among them, droop control and VSG are
the most widely used structures [11], [12].

Due to the low over-current capability of the semiconductor
switches inside the GFMIs, a current limitation is employed to
limit the over-current and protect the switches during voltage
sag events. Without over-sizing, the over-current limit is usually
set between 1.1 per unit (pu) and 1.4 pu [13]. However, the
inverter current limitation might result in poor post-fault tran-
sient [14], [15]. Besides, improperly-tuned controllers of GFMIs
and/or their supporting equipment, e.g., synchronous condenser,
can lead to oscillatory transients and overshoots in post-fault
responses [16]. Moreover, the oscillatory transients in voltage
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and power responses become more significant as the grid gets
weaker [1], [16]. Hence, a damping mechanism is necessary to
suppress such oscillations. Virtual impedance (VI) can be used
for this purpose [1].

VI has been widely used in voltage source inverters (VSIs) for
various purposes, including reactive power sharing enhancement
[17], current limitation [13], small-signal stability improvement
[18], and transient damping [1], [19]–[21]. However, transient
damping is the only focus in this paper. Ref. [19] mainly focuses
on the stability enhancement obtained by using VI for current
limiting in load change events. High-pass filters are used for
transient enhancement in [19]. However, the impacts of the
high-pass filters and post-fault transient suppression are not
studied in this reference. The proposed method in [20] shows
improvements in oscillation elimination in line trip events, but no
study on post-fault oscillations is conducted in this work. In [21],
parallel virtual resistors (VRs) are integrated into standalone
VSIs for suppressing post-fault over-voltage. This approach
is implemented in a natural reference frame, which requires
independent control for each phase, leading to a higher level of
control complexity. Moreover, switching to a current-controlled
mode, as implemented in [21], might cause problems relating to
the phase-locked loop’s (PLL) stability and a reduction in the
critical clearing angle [3], [4], [22]. In [1], a VR model, which
is temporarily integrated into the control when a fault recovery
is detected, is proposed. It can mitigate the post-fault oscillations
without impacting the normal operation of the VSI. The proposed
VR in [1] is implemented in SPC, and no design guidelines are
explicitly given for the VR. In addition, the impact of different
grid strength conditions on the performance of the VR is totally
disregarded in [1].

The grid strength is typically defined by the short circuit ratio
(SCR) [3]. The SCR reduces when the line impedance increases.
As a result, the sensitivity between changes in voltage and
changes in current and power is higher. During a fault recovery
in a low-SCR network, large changes in the voltage magnitude
at the point of common coupling (PCC) and its angle can cause
higher deviations in the power and the current, hence higher-
magnitude oscillations [1], [16]. Therefore, post-fault oscillation
magnitude depends on the grid strength of the connected grid.
In stiffer grids, the oscillation’s magnitude is not excessively
high. Therefore, a lower amount of virtual resistance damping
is required, compared to weak grid conditions. This paper aims
at studying the effects of the VR used for oscillation damping
in the fault recovery process of droop-based GFMIs. The study
reveals that, along with the current saturation used for over-
current protection, excessive virtual resistance can result in a
slow recovery process or even instability, especially when the
GFMI is connected to a stiff grid. To address this problem, an
adaptive VR (AVR) model based on the rate of power recovery
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Fig. 1. A grid-connected VSI with a symmetrical fault.

is then proposed. The AVR model can self-adjust the amount of
virtual resistance such that the post-fault oscillation is sufficiently
dampened without resisting the recovery process unnecessarily.

This paper is structured as follows. The system overview and
the post-fault oscillation problem are given in Section II. In
Section III, a stability study of the GFMI with the presence of the
fixed-value VR and current limitation is provided, followed by an
adaptive VR proposal. Simulation and experimental validation of
the findings are presented in Section IV. Finally, the conclusions
of the paper are summarized in Section V.

II. POST-FAULT OSCILLATION

In this section, first, an overview of the GFMI’s control
system is described. Then, a study on the post-fault oscillation
phenomenon is presented.

A. Configuration of a Cascade GFMI

As shown in Fig. 1, a three-phase VSI is connected to the
grid via an LCL filter, consisting of Lc, Cf , and Lg. The grid
is modelled as an ideal AC voltage source connected in series
with the line impedance segmented into two parts, i.e., Zg1

and Zg2 . vg, vpcc, vc, and vt,abc are the output voltage of the
ideal AC source, the voltage at the PCC, the capacitor voltage,
and the terminal voltage of the VSI, respectively, while ic,abc
and ig,abc represent the inverter-side and the grid-side currents,
respectively. In Fig. 2, the control structure of the VSI is depicted
as three cascade loops implemented in a Synchronous Reference
Frame (SRF). Vector control is applied to voltage and current
control of the VSI to form the two inner control loops. More
details on tuning these control loops can be found in [6], [23],
[24]. The direct voltage reference, vd,ref , is provided by the
Q-V droop in the primary control loop, while the quadrature
counterpart, vq,ref , is set to zero to align vd,ref with the capacitor
voltage vector. The primary control also consists of a P-f droop
to help synchronize the VSI with the grid and regulate the active
power transfer between them. In addition, a low-pass filter (LPF)
is added to the P-f droop and the Q-V droop for filtering the
measurement noise in the power. Moreover, to enable the virtual
inertia provision of the P-f droop, and to make the P-f droop
equivalent to the swing equation of a synchronous generator, the
LPF is applied to the active power error in this control loop [25],
[26]. The droop controls are governed by

ωvsi − ω0 = KP
ωpc

s+ ωpc
(P ∗ − Pm) (1)

and
vd,ref − V0 = KQ(Q

∗ − ωqc

s+ ωqc
Qm), (2)

where ωvsi, ω0, P ∗, and Pm are the internal angular frequency
of the VSI, the nominal frequency of the grid in pu, the active
power reference, and the measured active power, respectively.
V0, Q∗, and Qm denote the nominal line-to-line RMS voltage at
the PCC, the reactive power reference and the measured reactive
power of the VSI, respectively. Moreover, KP is the P-f droop
gain while KQ is the counterpart for the Q-V droop. Finally,
ωpc and ωqc are the cut-off frequencies of the low-pass filters
[25].

B. Current Saturation and Power Adjustment

To protect the semiconductor switches inside the GFMI in
voltage sag events, the output current must be kept below a
maximum value, i.e., Imax. Limiting the current references is the
simplest way to prevent over-currents. A q-axis-priority current
saturation logic is as follows

∣∣iq,ref ∣∣ = min(Imax,
∣∣∣i∗q,ref ∣∣∣)∣∣id,ref ∣∣ = min(

√
I2max − i2q,ref ,

∣∣∣i∗d,ref ∣∣∣). (3)

A d-axis-priority current saturation can be achieved by swapping
d− and q−components in (3). As the current reference saturation
might lead to windup in the outer loops resulting in phase drift
and transient instability of the GFMI [19], power references
should be reduced during voltage sags. Moreover, adjusting the
power references during faults can restrain the power angle
evolution [27]; hence expanding the critical clearing time of a
fault [25]. Therefore, a power reference adjustment loop, adopted
from [1] and [28], is added to the GFMI’s control to restrain the
power references during faults. During a symmetrical fault, the
apparent power set-point of the GFMI is modified to [1]

Snew = VpuSn, (4)

where Vpu =
√
6

2V0

√
v2g,d + v2g,q, and Sn denotes the GFMI’s

nominal power. Reactive and active power references are then,
respectively, updated according to [1]

Q∗ =

Qset, if Vpu > 0.9
2Snew(1− Vpu), if 0.5 < Vpu < 0.9
Snew, if Vpu < 0.5

(5)

and

P ∗ =

{
Pset, if Vpu > 0.9√
S2
new −Q∗2, if Vpu < 0.9

(6)

where Pset and Qset are the active and reactive power set-points
of the GFMI in the normal operation, respectively.

C. Post-fault Oscillation Phenomenon

Post-fault oscillations have been reported in [1], [15], [16].
In [15], the VSI switches from a voltage-controlled mode to a
current-controlled mode when a voltage sag is detected, which
causes oscillations in the active and reactive power responses.
Hence, remaining in a voltage-controlled mode during faults
helps avoid the additional oscillation caused by control mode
transitions. Additionally, as described in [16], non-ideally-tuned
controllers of the VSI in Type-4 wind turbines and their support-
ing devices, e.g., synchronous condensers, can lead to overshoots
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Fig. 2. Control diagram of the droop-controlled GFMI with the Current Saturator and the Power Adjustment.

and oscillations in the voltage. If the gains of the voltage con-
troller in the VSI are too low, the slow reaction of the VSI might
fail to suppress the post-fault voltage overshoot. In contrast,
voltage oscillation can be a consequence of an extremely high-
gain voltage controller. Synchronous condensers and static VAR
compensators can enhance the post-fault responses of the VSI
[16]. However, they require additional cost and tuning. Tuning
the VSI control can improve the poor post-fault transients in a
specific operating condition. However, the network configuration
and the VSI’s operation are not static. Hence, a more robust
solution is required [16]. In [1], post-fault oscillations are present
in the current responses, reflecting oscillatory power transients of
the VSI. Hence, VR is added to the VSI control in the recovery
phase to dampen those oscillations [1]. Nevertheless, the effects
caused by the VR on the fault recovery in different grid strength
conditions are not detailed in [1]. In addition, as the power and
voltage dynamics are dependent on the network configuration
[16], [25], using a fixed-value VR in all grid strength conditions
is not an optimal solution.

When the grid is weak, vpcc and vc are more sensitive to
changes in the current and the power flowing between the VSI
and the grid [1], [16]. Therefore, the post-fault oscillations
become more severe in weak grids. In addition, according to
[18], when the grid impedance increases, the system damping
reduces, leading to oscillatory behaviors of voltage and power.

Post-fault responses of a GFMI under different grid strength
conditions are shown in Fig. 3. The grid strength is measured
by the SCR, which is calculated as [3]

SCR =
V 2
0

ZsSrate
=

1

Zs,pu
, (7)

where Zs and Zs,pu are the network impedance and its per-
unit value, and Srate is the rated power of the inverter [3].
The GFMI’s parameters can be found in Table I. A three-phase
bolted fault occurs at 0.1 s and is cleared at 0.3 s. Following
the fault clearance are oscillatory transients in the active and
reactive power, the voltages, and the currents of the GFMI.
The magnitude and the duration of the oscillations reduce as
the short circuit ratio (SCR) of the grid increases. Although the
GFMI remains stable eventually, the poor transients can trigger
protection devices resulting in unnecessary disconnections of the
GFMI from the grid.

Fig. 3. Simulated post-fault responses of the GFMI, whose parameters
are listed in Table I, with different SCRs: (a) the magnitude of the PCC
voltage, (b) the d-component of the grid current, (c) the q-component of
the grid current, (d) the magnitude of the inverter-side current reference,
(e) the active power at the PCC, and (f) the reactive power at the PCC.

III. POST-FAULT DAMPING BY VIRTUAL RESISTANCE

In this section, a fixed-value VR (FVR) model is introduced
first, and several negative impacts of the FVR are revealed. An
AVR model is then proposed to mitigate those impacts caused by
the FVR, yet still sufficiently dampen the post-fault oscillations.

A. Fixed-value Virtual Resistor

In [1], a dynamic VR model, which is implemented in an α-β
frame with SPC, is introduced. The FVR presented in this section
is adopted from [1] and modified to be compatible with an SRF
and droop control. The FVR operates in a trigger-reset manner.
When a voltage recovery is detected, e.g., the voltage rises and
crosses 0.85 pu, the VR is immediately added to the control. The
VR is held at a constant value for a short interval of time before
ramping down to zero at a predefined rate. This temporary VR
does not affect the normal operation of the GFMI, yet providing
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Fig. 4. Virtual resistor implementation in a Synchronous Reference
Frame.

Fig. 5. Simplified voltage control diagram.

a damping effect in the fault-recovery phase. Usually, the VR is
implemented by subtracting virtual voltage drops over the VR
from vd,ref and vq,ref [25], [27], before feeding those references
to the voltage control loop. Therefore, the voltage set-points in
the dq-frame become{

v∗d,ref = vd,ref − ic,dRv,

v∗q,ref = vq,ref − ic,qRv,
(8)

where v∗d,ref and v∗q,ref denote the actual references of the voltage
control loop, and Rv is the virtual resistance.

The GFMI recovers at a relatively fast rate from a fault.
However, the limited bandwidth of the voltage control loop
causes delays in propagating the damping effect of the VR to the
actual currents and voltages. Hence, the VR cannot suppress the
very first overshoots right after the fault clearance. To accelerate
the application of the VR, the VR implementation should be
moved to the terminal voltages as{

v∗t,d = vt,d − ic,dRv,

v∗t,q = vt,q − ic,qRv,
(9)

where v∗t,d and v∗t,q are the dq-components of the references
for the pulse width modulation (PWM). By this approach, the
VR becomes active immediately after the fault clearance; hence
avoiding the slow dynamic caused by the cascade control loops.

The VR in this work resembles an additional amount of
internal series resistance of the converter-side inductor, i.e.,
Lc. This resemblance can be verified by looking at the output
impedance of the GFMI with and without the VR activation.
Based on the simplified control diagram shown in Fig. 5, the
expressions of the GFMI output impedance with and without
the VR are

ZVR(s) =
vc
ic

= − (Lcs+Rf +Rv) + Ci

1 + CvCi

(10)

and

TABLE I. Simulation and Experimental parameters.

Parameter Simulation Experiment
Nominal Power (kVA) 35 1.3
Nominal Voltage (V) 400 90

ωb (rad/s) 2π50 2π50
Lc, Cf , Lg (pu) 0.09, 0.049, 0.076 0.34, 0.12, 0.2
Zg1, Zg2 (pu) 0.1j, (0.12 - 0.45)∠86◦ 0, (0.2 - 0.47)∠85◦

fswitch (kHz) 10 10
Tsampling (µs) 50 50
Pset, Qset (pu) 0.85, 0 0.91, 0
KP, KQ (pu) 0.02, 0 0.039, 0

ωpc, ωqc (rad/s) 32 32
ω0 (pu) 1 1
V0 (pu) 1.06 1.06

Kpv, Kiv, Kawv 0.08, 14, 110 0.12, 6.76, 563
Kpi, Kii, Kawi 2.6, 26, 2 4.7, 140, 6
ωh (rad/s) 300 300

ωf , ωs (rad/s) 1256, 125.6 1256, 125.6
T2, T3 (ms) 200 500

K 185× 10−6 0.0045

ZnoVR(s) =
vc
ic

= − (Lcs+Rf) + Ci

1 + CvCi
, (11)

respectively, where Rf is the physical internal resistance of Lc,
and Cv and Ci are the voltage and the current controllers,
respectively. The VR value, i.e., Rv, appears in the output
impedance similarly to a physical series resistor as shown in
(10). Thus, the implementation of the VR on the terminal voltage
provides the same effect as adding a physical resistor. The added
resistor is placed in series with Lc, before the filter capacitor, Cf ,
and does not make any changes in the voltage reference. Thus,
it is not expected to change the output voltage level like the VR
designed for the current limiting purpose [25]. Instead, the main
function of the VR in this work is improving the system damping
to suppress the post-fault oscillations. The effectiveness of the
VR in enhancing the system damping is presented and validated
in Section III-D and Section IV.

Additionally, subtracting the virtual voltage drops from vt,d
and vt,q is analogous to limiting the PI controllers’ outputs in
the current control loop. This leads to windup and can further
degrade the transients. As a result, it is necessary to equip these
PI controllers with an anti-windup algorithm. Back-calculation
anti-windup is utilized in this study to mitigate the negative
impacts of the VR [29]. The implementation of the VR in an
SRF is summarized in Fig. 4. The AVR, which is proposed in
Section III-C, is also integrated into the GFMI control in the
same manner as shown in Fig. 4. The only difference between
the FVR and the AVR is how Rv is determined. The shape of
the FVR with respect to time is shown in Fig. 8. Regardless of
variations in the network, the constant value of the FVR remains
unchanged in all cases. This fact might lead to an unnecessary
damping effect; hence resulting in a slow recovery or even
instability of the GFMI when the grid is stiff. More details on
the problems caused by the FVR are discussed in Section III-B.

B. Problems Caused by the Fixed-value Virtual Resistor

Introducing too much virtual resistance to the system has been
reported negatively impacting the system small-signal stability
[18], [19]. Moreover, the large-signal stability of the GFMI is
also affected by the presence of the VR, especially when the
current saturator is utilized. Furthermore, the VR is applied in



5

the fault recovery process, in which the GFMI is in a transient
phase and extremely vulnerable. An inappropriate value of the
VR can degrade the recovery or even cause instability. In this
section, the large-signal instability caused by the FVR in various
grid strength conditions is investigated.

With the presence of the VR, the GFMI has to generate more
active power to compensate for the virtual power loss caused by
the VR. As a result, higher reference currents are necessary to
reach the power set-point. Besides, in the recovery phase, a large
amount of reactive current is needed for restoring the voltage.
Therefore, the current reference is likely to saturate with the
presence of the VR in this phase. Current reference saturation can
lead to phase drift and instability [19]. In addition, the dynamic
equation of the phase angle between vpcc and vg is [11]

δ̈ = −ωpc
2 KP

s+ ωpc
(P ∗ − Pm) + ωpcKP(P

∗ − Pm) (12)

⇒ δ̈ = (1− ωpc

s+ ωpc
)ωpcKP(P

∗ − Pm). (13)

During a fault recovery, a large amount of reactive current is
required to restore the voltage. If a large VR is used, more active
current is required to recover the PCC power to its set-point, as
the virtual power loss caused by the VR is higher. As both active
and reactive currents are in high demand, the output current is
more likely to saturate again after the fault clearance. Once the
current saturates, Pm cannot recover as fast as in the case without
the saturation. Therefore, with a large VR, Pm recovers slowly,
resulting in a slow reduction in (P ∗ − Pm); hence preventing
δ̈ from converging to zero. Consequently, the fault recovery
process becomes longer. Therefore, excessive virtual resistance
applied in the fault-recovery process potentially degrades the
recovery or even results in system instability.

In Fig. 3, the weaker the network is, the more severe the
post fault oscillations are. Hence, to cope with the worst-case
scenario, the VR is tuned such that it can dampen the oscillations
in the lowest possible SCR condition without destabilizing the
GFMI. However, the grid topology is not static. For instance,
line switchings may lead to grid strength variations. Therefore,
the impacts of the VR should be studied in higher-SCR net-
works as well. To simplify the analysis, Zg1, Zg2, and Lg are
combined to represent the grid impedance, denoted as Zg, i.e.,
Zg = Zg1 + Zg2 + ωbLg. After the fault clearance, to regulate
|vc| at the voltage reference vd,ref , the required grid current is
given as

ig =
vd,ref∠δ1 − vg

Zg
, (14)

where δ1 is the instantaneous power angle after the fault. vg
is assumed to be equal to 1 pu. When Zg decreases, a higher
grid current is needed to boost vc to its set-point. The strong
coupling between vg and vc in higher-SCR networks might cause
current saturation. As aforementioned, the current saturation can
make the system unstable. However, in the very first instants
after the fault clearance, a stiff grid allows vc to rise quickly
toward 1 pu; hence the voltage error diminishes rapidly. As a
result, the current references rise more slowly compared to a
weak grid. If the VR reduces or is deactivated before the current
saturates, instability can be avoided.

To visualize how the FVR impacts the fault recovery in various
grid-strength conditions, a set of simulation tests has been run to

Fig. 6. Impact of an FVR on the responses of a GFMI to a three-
phase bolted fault with SCR varying from 1.8 to 4.5: (a) the magnitude
of the PCC voltage, (b) the inverter output current set-point, (c) the
active power transfer measured at the PCC, and (d) the value of virtual
resistance.

show how a GFMI behaves when the SCR gradually increases
from 1.8 to 4.5 in the presence of an FVR. The control and
system parameters of the simulations are summarized in Table I.
A three-phase bolted fault is applied at 0.1 s and cleared at 0.3 s.
The FVR is held at 0.675 Ω for 25 ms before ramping down to
zero at a rate of 20 Ω/s. Although the VR is implemented on
the terminal voltage right before the PWM, it still takes a few
milliseconds since the fault clearance instant for the VR to be
active. Before the activation of the VR, the system damping is
still low. Hence, the first swing of the post-fault oscillation still
occurs. It causes the sudden drop in ic,ref right after the fault
clearance, as depicted in Fig. 6. Subsequently, the activation of
the VR suppresses the rest of the oscillation and slows down
the variation of ic,ref and Pm. As shown in Fig. 6, when the
SCR increases, the saturation in the current reference, i.e., ic,ref ,
becomes more severe and lasts longer. As a result, the recovery
is slower and degraded. Starting from an SCR of 3, the active
power, i.e., Pm, collapses after the fault and the GFMI becomes
unstable.

In conclusion, the FVR is not a robust solution for post-fault
oscillation damping. A value of VR that is well functional in
a weak grid can cause severe current saturation, degrade the
recovery or even result in instability when the grid strength
increases. To obviate this issue, in the next section, an adaptive
VR is proposed.

C. Adaptive Virtual Resistor for Post-fault Oscillation Damping

As the FVR performs differently when the grid strength varies,
knowledge of grid strength is beneficial for setting an appropriate
value for the VR. Nevertheless, measuring grid impedance is
challenging, and the grid impedance is not static. Hence, an
adaptive solution is necessary. Due to the problems caused by
the FVR as discussed in Section II-B, in this section, an AVR
is presented to suppress the post-fault oscillatory transients in
various grid conditions without destabilizing the GFMI.

As mentioned in [1], [16] and shown in Fig 3, the severity
of the post-fault power oscillation varies as the network strength
changes. If the VR is set according to the intensity of the power
oscillations, it can be self-adjusted to avoid over-dampening the
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Fig. 7. Adaptive virtual resistor calculation: Rv is determined by a
Filter Network, which is controlled by a State Machine (SM) via S1S0.
Input Signals to the SM depend on |vpcc| and Pm.

power response unnecessarily. When the oscillation is significant,
more virtual resistance is integrated into the control to dampen
the oscillatory transient. Whereas, if the oscillatory transient
is not too severe, less virtual resistance is utilized. Moreover,
when the power settles after the fault, the oscillation magnitude
gradually diminishes to zero, leading to a smooth removal of the
AVR. The AVR calculation is summarized in Fig. 7. It consists of
two main parts: a filter network and a state machine that controls
the filter network.

1) Filter Network: The severity of the post-fault oscillations
is determined by the rate of change of the active power, which
is estimated by a combination of filters, as shown in Fig. 7. The
AVR is active when the signal S0 is set to 1. While the AVR is
active, Pm is first passed through a high-pass filter (HPF), whose
transfer function is

Hhpf =
s

s+ ωh
, (15)

with a cut-off frequency of ωh rad/s. A first-order HPF is utilized
for taking advantage of its wide roll-off to capture most of the
power dynamics with a focus on fast variations. Its output is then
smoothened by either of the low-pass filters (LPFs) depicted in
Fig. 7, depending on the signal S1. A filter type with narrow
roll-off is beneficial for rejecting undesired harmonics in this
case. Hence, second-order low-pass Butterworth filters can be
used for the LPFs, whose transfer function is

Hlpf =
ω2
c

s2 +
√
2ωcs+ ω2

c

, (16)

where ωc is the cut-off frequency. As depicted in Fig. 7, the
resistance of the AVR can be adjusted by the constant K, whose
tuning is discussed in Section III-C3. To prevent the AVR from
degrading the fault recovery unnecessarily, the outputs of the
LPFs are bounded by a saturator. The limits of the saturator are

detailed in Section III-C3. The output of the saturator is Rv. The
operation of the filter network is governed by S1 and S0, which
are generated by the state machine presented in the following
section.

2) State Machine: The state machine, shown in Fig. 7, outputs
S1 and S0 to control the operation of the filter network. There are
four states in the state machine, including Normal (ST0), Fault
(ST1), High-cut-off LPF (ST2), and Low-cut-off LPF (ST3).

• ST0: In the normal operation of the GFMI, because
∣∣vpcc∣∣

is greater than 0.85 pu, the signal VF85 is 0, and the GFMI
remains in ST0. S1S0 equals 00 in this state.

• ST1: When a fault occurs, and
∣∣vpcc∣∣ goes below 0.85 pu,

VF85 becomes 1. In this case, the GFMI transits to the
Fault state (ST1) and remains there until

∣∣vpcc∣∣ recovers to
0.85 pu. S1S0 equals 00 in this state.

• ST2: When
∣∣vpcc∣∣ rises and crosses 0.85 pu, VR85L is set

to 1 and held for T2 seconds, hence activating the AVR
and transiting the control to ST2. S0 rises to 1 due to this
transition. T2 defines the maximum duration of the AVR.
In ST2, a wider-bandwidth LPF, with a cut-off frequency
of ωf , is first used to dampen the fast dynamics in the early
stage of the power recovery. S1S0 equals 01 in this state.

• ST3: When the power recovers and exceeds 80% of the
power set-point, PR80L is set to 1 and held for T3 seconds,
transiting the control to ST3 and S1 to 1. In ST3, the AVR
is determined by a narrower-bandwidth LPF, with a cut-off
frequency of ωs to avoid amplifying harmonics and possible
sub-synchronous oscillations in the system [30]. T3 defines
the duration of ST3. S1S0 equals 11 in this state.
When either T2 or T3 elapses, the control returns to ST0.

3) Parameters Tuning: This section presents a guideline for
tuning the parameters of the AVR, including ωf , ωs, ωh, and
K. At the beginning of a fault recovery process, i.e., in ST2,
the power rises relatively fast, potentially leading to the highest
overshoot. The wider-bandwidth LPF must be able to capture
the fast dynamics of the active power in this state. Due to the
zero-crossing breaking mechanism of circuit breakers, the power
in all three phases usually recovers in 7-10 ms after the first
phase is tripped. To capture the fast power dynamics right after
the fault clearance, ωf can be set between 628 rad/s (100 Hz)
and 1256 rad/s (200 Hz). On the other hand, in ST3, the power
almost settles down, and its dynamics becomes slower. The high
cut-off frequency of the LPF in ST3 is unnecessary. Moreover,
since most of the active time of the AVR is in ST3, the high
cut-off frequency might result in amplifications of the undesired
sub-synchronous harmonics as aforementioned [30]. To avoid
these undesired amplifications, ωs should be set between 31 rad/s
(5 Hz) and 125.6 rad/s (20 Hz). Finally, to acquire the whole
dynamic profile of the power recovery, ωh should be a few times
lower than ωf .

Since the post-fault oscillations are most severe in the weakest
grid condition, K should be tuned to dampen the transients in the
lowest possible SCR condition. Besides, as the AVR is the largest
in this condition, the current reference is most likely to saturate.
Therefore, designing the AVR in the weakest grid condition
should be well considered. K should be chosen such that the
resulting Rv does not make the maximum power measured at
the PCC drop below 95% of the power set-point. The maximum
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Fig. 8. Simulated post-fault responses of the GFMI with the fixed-value
VR for oscillation damping in different grid strength conditions: (a)
the magnitude of the PCC voltage, (b) the d-component of the grid
current, (c) the q-component of the grid current, (d) the magnitude of
the inverter-side current reference, (e) the active power at the PCC, (f)
the reactive power at the PCC, and (g) the virtual resistance.

power at the PCC can be calculated as

Pmax =

∣∣vpcc∣∣
Zf

[|vt| −
∣∣vpcc∣∣ cos(ϕ)], (17)

where
Zf =

√
(ωbLc + ωbLg)2 +R2

v),

ϕ = arctan(
(ωbLc + ωbLg)

Rv
).

(18)

∣∣vpcc∣∣ and |vt| can be approximated by the constant nominal
voltage, i.e., V0. If the cut-off frequencies of the filters are set as
aforementioned, due to the attenuating effect of the filters, the
output of the LPFs usually falls to between 20% and 50% of the
steady-state power set-point. K can be set accordingly to obtain
the desired virtual resistance value such that the condition on
the maximum power at the PCC is satisfied. The limits of the
saturator in the filter network can be set to ensure that the AVR
does not make the maximum power at the PCC drop below 95%
of the power set-point.

To cope with asymmetrical faults, negative sequence controls
should be added to the system [31]. The AVR can then be applied
to both positive and negative sequence controls. However, due
to space limitation, the application of the AVR in unbalanced
conditions is not presented in this paper.

D. Damping Provided by a Virtual Resistor to Suppress Post-
fault Oscillation.

To justify if the Rv value is sufficient to dampen the oscil-
lations, firstly, the oscillation modes in the network area should

Fig. 9. Simulated post-fault responses of the GFMI with the adaptive
VR for oscillation damping in different grid strength conditions: (a)
the magnitude of the PCC voltage, (b) the d-component of the grid
current, (c) the q-component of the grid current, (d) the magnitude of
the inverter-side current reference, (e) the active power at the PCC, (f)
the reactive power at the PCC, (g) the virtual resistance, and (h) the
magnified view of the virtual resistance.

be identified. This can be done by applying Prony analysis or
FFT on a recorded response of the system after a contingency as
mentioned in [32]. The post-fault oscillations propagate from the
voltage loop and the grid currents, i.e., igd and igq, to the inner
current loop. As a result, id,ref and iq,ref are distorted with the
oscillations. If the current loop provides enough damping on the
oscillations, the oscillations are attenuated before propagating
to the PWM block. To investigate the damping provided by
the current loop, its closed-loop transfer function should be
obtained. The PI controller in the current control loop is chosen
as Ki(Lcs+Rf )

s , where Ki is a constant gain. Therefore, the
closed-loop transfer function of the current loop becomes

Gi(s) =
ic

ic,ref
=

Ki(Lcs+Rf)

Lcs2 + (KiLc +Rf +Rv)s+KiRf
, (19)

where ic and ic,ref are the output current of the inverter and its
reference, respectively. Hence, the damping ratio of the current
loop is

ζ =
KiLc +Rf +Rv

2
√
KiRfLc

. (20)

It can be seen that varying the value of Rv can change the
damping provided by the current control loop. An adequate
value of Rv should apply sufficient damping on the identified
oscillation modes, i.e., below -3 dB.
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Moreover, during the recovery process, the AVR dynamically
changes the value of Rv based on the oscillation magnitude.
Therefore, Rv is not constant during its active time. The AVR is
similar to a feedback damping mechanism. In the early stage of
the recovery, a larger Rv is required to suppress the first and also
the highest overshoot in the responses. Subsequently, smaller Rv

is preferable to dampen lower-magnitude oscillations while not
degrading the recovery. An example of the above discussions
can be found in Section IV-A.

IV. PERFORMANCE EVALUATION

A. Simulation Results

The tests used for generating the results in Fig. 3 are replicated
with the presence of the FVR and the AVR. These tests aim at
showing and comparing the impacts of the FVR and the AVR
on post-fault responses of a GFMI in different grid strength
conditions. The system and control parameters are listed in
Table I. The steady-state power set-point is 0.85 pu. At 0.1 s, a
three-phase bolted fault occurs and lasts for 200 ms. Either FVR
or AVR is activated to dampen the post-fault oscillations in the
recovery process. The FVR is kept at 0.675 Ω for 25 ms before
ramping down at a rate of 20 Ω/s. The details of the AVR are
listed in Table I.

The results of the FVR are presented in Fig. 8. When the
grid SCR equals 1.8 and 2.8, the system can recover after the
fault clearance. Compared to the responses without any types
of VR, as shown in Fig. 3, lower overshoots and better-damped
responses of Vpcc, idq, Pm, and Qm can be seen with the FVR
being active. However, in a stiffer grid with SCR equal to 4.5,
the power Pm collapses shortly after the fault clearance due to a
severe saturation in the current reference, i.e., ic,ref , as discussed
in Section III-B, although the GFMI can recover if no FVR is in
service as shown in Fig. 3. In Fig. 8, small subplots, showing the
complete responses of ig,q, Pm, and Qm when the SCR equals
4.5, are included. Apart from that, as shown in Fig. 8, for SCR
levels equal to 1.8 and 2.8, even though the FVR improves the
responses, small oscillations still persist in all the responses after
the system settles.

In Fig. 9, the results of the AVR are displayed. In all grid
strength conditions, the responses of Vpcc, idq, Pm, and Qm

Fig. 10. Closed-loop response of the current loop, i.e., Gi(s), with
different Rv values.

TABLE II. Quantitative comparison among the active power
results in the simulation tests.

Type of VR Overshoot (%) Settling time (s)
None (SCR: 1.8, 2.8, 4.5) 42, 43, 41 2.06, 0.62, 0.3
FVR (SCR: 1.8, 2.8, 4.5) 16, 26, unstable 0.46, 0.42, unstable
AVR (SCR: 1.8, 2.8, 4.5) 15, 20, 20 0.16, 0.3, 0.25

Fig. 11. Experimental setup.

can smoothly recover to their pre-fault values without significant
overshoots. All the post-fault responses are almost oscillation-
free. Rv is adjusted according to the active power recovery rates;
hence preventing degrading the recovery process in higher SCR
conditions. As discussed in Section III-C, Rv reduces as the grid
SCR increases. Thanks to this self-adjustment of the AVR, ic,ref
does not saturate when SCR equals 4.5 as opposed to the FVR.
Hence, instability is avoided. Even though ic,ref saturates when
SCR equals 1.8 or 2.8, the saturation levels are not as severe
as those caused by the FVR. Eventually, ic,ref reduces to the
normal operating point.

From the time-domain responses of the GFMI, when Rv is
set to zero, depicted in Fig. 3, the dominant oscillation mode’s
frequency is estimated between 190 rad/s and 220 rad/s. This
range is highlighted in Fig. 10. In this frequency range, the
magnitude of Gi, presented in (19), with Rv being equal to 0 Ω is
between −0.03 dB and −0.05 dB. That is why the under-damped
behaviors are observed in the system responses. As shown in
Fig. 9, when the AVR is active, the highest value of Rv at the

Fig. 12. Measured post-fault responses of the experimental GFMI
without VR for oscillation damping in different grid strength conditions:
(a) the magnitude of the PCC voltage, (b) the d-component of the grid
current, (c) the q-component of the grid current, (d) the magnitude of
the inverter-side current reference, (e) the active power at the PCC, and
(f) the reactive power at the PCC.
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Fig. 13. Measured post-fault responses of the experimental GFMI with
the FVR for oscillation damping in different grid strength conditions:
(a) the magnitude of the PCC voltage, (b) the d-component of the grid
current, (c) the q-component of the grid current, (d) the magnitude of
the inverter-side current reference, (e) the active power at the PCC, (f)
the reactive power at the PCC, and (g) the virtual resistance.

beginning of the recovery is between 1 Ω and 1.2 Ω. With an Rv

value in this range, the magnitude of Gi varies between −3.6 dB
and −3.8 dB. As a result, the time-domain response is critically
damped when the AVR is activated.

A quantitative comparison among the power responses in the
cases with the FVR, the AVR, and without neither is summarized
in Table II. In general, the AVR results in significant reductions
in both the overshoot and the settling time of the active power
responses. Overall, the AVR can effectively dampen the post-
fault oscillatory transients and is robust against variations in the
grid SCR level.

B. Experimental Results

The performance of the proposed AVR model is validated
in a laboratory experimental setup, as depicted in Fig. 11.
The grid-forming control and the AVR are implemented in a
National Instrument (NI) CompactRIO-9035 controller to drive
a Semikron SemiTeach inverter. The inverter is connected to a
Regatron TC.ACS grid simulator via an LCL filter and a three-
phase inductor, i.e., Zg2, which emulates the line impedance.
The currents and voltages are measured by LTSR 15-NP and
DVC 1000-P LEM sensors, respectively, and sampled by a
NI 9020 ADC module. A fault is created by connecting the PCC
to the ground via a low-resistive path. A three-phase contactor
is employed to manipulate the fault occurrence and the fault
duration. All the parameters of the setup can be found in Table I.

In the steady-state, the active power set-point is set to 0.91 pu.
At t = 0.1 s, a symmetrical fault is applied by closing the
contactor shown in Fig. 11. The fault resistor, i.e., Rfault, is 1 Ω

Fig. 14. Measured post-fault responses of the experimental GFMI with
the AVR for oscillation damping in different grid strength conditions:
(a) the magnitude of the PCC voltage, (b) the d-component of the grid
current, (c) the q-component of the grid current, (d) the magnitude of
the inverter-side current reference, (e) the active power at the PCC, (f)
the reactive power at the PCC, and (g) the virtual resistance.

for each phase. After 50 ms, the contactor opens, emulating a
fault clearance event.

The GFMI is tested in two different grid strength conditions:
SCR = 2.1 and SCR = 5. Since the fault resistor is fixed in the
two cases, while the line impedance is changed in each condition
to achieve the aforementioned SCRs, the residual voltage and the
active power during the fault are different in each case, as shown
in Fig. 12, Fig. 13, and Fig. 14.

In Fig. 12, without the AVR, although the GFMI can recover
from the fault in both the grid strength conditions, oscilla-
tions persist in all the responses of the GFMI when the SCR
equals 2.1. These oscillations last for 1 s after the fault clearance
instant. The oscillations’ magnitude and duration reduce as the
SCR increases to 5. These behaviors align with the analysis in
Section II-C and the simulation results.

To mitigate the post-fault oscillatory transients, an FVR is
activated after the fault clearance. The FVR is kept at 1.6 Ω
for 30 ms before ramping down at a rate of 13 Ω/s. The result
of this test is presented in Fig. 13. In the low-SCR case, the
FVR successfully dampens the post-fault oscillations. However,
when the SCR rises to 5, due to the problems mentioned in
Section III-B, the current reference, i.e., ic,ref , saturates and
remains at the maximum current value, as shown in Fig. 13(d).
This prevents the GFMI from lifting its active power to the pre-
fault level and re-synchronizing with the grid, as depicted in
Fig. 13(e). As a result, the active power and the voltage collapse
after 50 ms, and the GFMI becomes unstable.

With the activation of the AVR, in the low-SCR case, the
oscillations in all the waveforms are well damped, as presented in
Fig. 14. Pm and idq settle within 50 ms after the fault clearance.
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Moreover, the highest oscillation magnitude in Pm is only one-
fourth of the counterpart in the case without the VR. When
the SCR equals 5, the oscillations’ magnitude is less significant
compared to those in the low-SCR case. These oscillations are
quickly dampened even in the case without the VR. Hence, Rv

is lower in the early stage of the fault recovery process compared
to that in the low-SCR case. With the AVR being active, ic,ref
also saturates after the fault clearance due to high Rv values at
the beginning of the recovery. However, once Pm starts settling
down and the oscillations are suppressed, Rv reduces and ic,ref
returns to its steady-state value as shown in Fig. 14(d). Actually,
if Rv in the case with the FVR ramps down to zero at a faster
rate, instability can be avoided. Nevertheless, in the low-SCR
case, the oscillations are not sufficiently damped if Rv of the
FVR model is disabled too early.

Overall, in the low-SCR condition, the AVR can suppress the
post-fault oscillations and significantly enhance the post-fault
transient, as shown in Fig. 14. In the higher-SCR case, the impact
of the AVR reduces as the oscillation intensity diminishes. The
effectiveness of the FVR model is validated in the low-SCR
condition. However, this model causes adverse impacts on the
GFMI’s stability when it comes to a stiffer grid condition. The
experimental results verify the discussions in Sections II and III.

V. CONCLUSIONS

Weak grid condition and non-ideally-tuned controls of GFMIs
can lead to severe post-fault oscillations in the power network.
Hence, a damping mechanism is required to suppress these
oscillations, enhancing the recovery of the GFMIs from faults.
The VR can be used for this purpose. The VR is only active
when a fault recovery is detected and disabled during the normal
operation of the GFMI. The VR can be optimally tuned to
operate in a specific condition. However, due to the changes in
the network topology, grid strength varies over time. This fact
degrades the performance of the VR or even causes instability of
the GFMI. Therefore, an adaptive VR model is necessary. This
paper proposes an AVR model that can self-adjust its resistance
according to the post-fault oscillation intensity to sufficiently
dampen the oscillatory post-fault transient while avoiding de-
grading the fault recovery. The AVR model is implemented in
an SRF and requires several modifications in the inner current
control loop. The effectiveness of the AVR is validated in various
grid strength conditions both in simulation and experiments.
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