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Abstract— This paper develops an improved control strategy 
of grid-forming (GFM) inverters with fault ride-through (FRT) 
capabilities to guarantee the stable operation of microgrids 
under fault conditions, especially islanded microgrids and 
asymmetrical faults. The proposed control strategy includes the 
dual control of positive-sequence and negative-sequence control 
as well as the adaptive virtual impedance (VI) control. Unlike 
existing works, the proposed strategy applies the VI control for 
only the d component of the positive-sequence control and leaves 
the q component of the positive-sequence control and the dq 
component of the negative-sequence control as zero, thus 
achieving improved stability and balanced three-phase voltages 
under asymmetrical faults. The adaptive feature of the VI 
control guarantees the stability of the GFM inverter under 
severe faults, which could cause the saturation of the inner 
current loop, and the instability if the VI is not adaptive. 
Simulation results of various unbalanced faults with high and 
low fault impedances show that the proposed control strategy 
improves the stability of the GFM inverter and achieves stable 
and balanced output voltages in islanded microgrids. And the 
algorithm also improves the stability of GFM inverters under 
balanced faults with high and low fault impedances.  

Keywords—Asymmetrical faults, adaptive virtual impedance 
control, fault ride-through, grid-forming inverter. 

I. INTRODUCTION  
Grid-forming (GFM) inverters are going to become 

important grid assets for future electric grids, especially for 
microgrids, because of their grid-forming capability and 
superior stability compared to traditional grid-following 
(GFL) inverters [1]. Most existing control strategies of GFM 
inverters focus on normal operation to achieve voltage and 
frequency stability in microgrids under different operation 
modes; however, the operation of GFM inverters under fault 
conditions needs more attention because GFM inverters 
without fault ride-through (FRT) control can be subject to 
instability under some fault conditions, especially in islanded 
microgrids with all inverter-based resources. Several research 
works propose FRT strategies, such as [2]–[4], to limit 
inverter currents and prevent instability; however, those works 
consider only symmetrical faults or switch from voltage 
control to current control, and they do not provide grid-
forming capabilities with needed negative-sequence current at 
the occurrence of asymmetrical faults (which are more 
common in reality). Several works study voltage control under 
asymmetrical faults, such as dual control, current and voltage 
limiting, and virtual impedance (VI) control [5]–[7]. 

Those methods consider either only dual control or 
impedance control, which might not achieve the best stability 
under asymmetrical faults. Further, there is no unified control 
for GFM inverters with the GFM capabilities in both grid-
connected and islanded mode; therefore, this paper aims to 
develop an improved control strategy of GFM inverters with 

FRT capabilities to provide negative-sequence current and 
guarantee the stable operation of islanded microgrids under 
fault conditions. The desired FRT capabilities of a GFM 
inverter include: 1) maintain the stability and output voltage 
balance to stabilize the islanded microgrid system; 2) limit the 
fault current and avoid hardware damage to the inverter; and 
3) achieve IEEE 1547-2018 compliance in grid-connected 
mode. 

The main contributions of this paper can be summarized 
as follows: the paper 1) designs different control strategies of 
the FRT capabilities/response of a GFM inverter in grid-
connected and islanded mode; 2) presents the fundamental 
reasons why the dual control structure is needed for GFM 
inverters to achieve stability and balanced voltage under 
asymmetrical faults to have FRT capability; 3) proposes an 
innovative adaptive VI control with the dual control structure 
and demonstrates its efficacy of compensating the unbalanced 
voltage caused by asymmetrical faults; and 4) tests the 
proposed adaptive VI control under both symmetrical and 
asymmetrical faults with high and low fault impedances, and 
further demonstrates the efficacy of the dual control structure 
and adaptive VI control for FRT capability. 

The remainder of this manuscript is organized as follows: 
Section II describes the generic control structure of GFM 
inverters and identifies the different FRT control strategies of 
a GFM inverter in grid-connected and islanded mode. Section 
III investigates a GFM inverter’s behavior under fault 
conditions and especially focuses on the asymmetrical faults. 
Section IV proposes the improved control strategy of GFM 
inverters with dual control structure and adaptive impedance 
control. And Section V presents the simulation of a microgrid 
with one GFM inverter under asymmetrical and symmetrical 
faults in islanded mode, and the 1547-2018 compliance testing 
in grid-connected mode is also tested and validated.  

II. CONTROL ALGORITHM OF GFM INVERTERS 
 A typical double-loop controlled GFM inverter in a 

synchronous reference frame is presented in Figure 1. The 
same voltage and current controller are used for the inverter 
level control, no phase-locked loop (PLL) is needed, and the 
power level control is adjusted according to the status of two 
circuit breakers, S0 and S1. Only if S0 and S1 are “closed,” 
which indicates a grid-connected operation condition, can P* 
and Q* (the active and reactive power references) and the 
integrator be enabled to allow the GFM inverter to generate 
the commanded power; otherwise, the GFM inverter only 
works in droop control mode, without P* and Q* and the 
integrator for power sharing in islanded mode. Note that this 
GFM inverter needs a sync check unit at S1 to connect to the 
main grid during startup because it does not use the grid 
voltage for synchronization [8]. 

mailto:jing.wang@nrel.gov
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Based on the IEEE Std 1547-2018, the grid-connected 
inverter needs to follow the FRT and trip settings. That means 
the GFM inverters in grid-connected mode must follow the 
FRT and trip settings as well. In this regard, there is no need 
to design the improved control for GFM inverter in grid-
connected mode. However, the GFM must have FRT 
capabilities to maintain the system in islanded mode because 
if the GFM inverters in islanded microgrid trip off due to the 
FRT and trip settings set as in grid-connected mode, there is 
no GFM sources in the islanded system for a 100% renewable 
microgrid. Thus, the strategy of controlling a GFM inverter is 
to separate the requirements of FRT capabilities in grid-
connected and islanded mode: 1) IEEE 1547-2018 compliant 
in grid-connected mode and 2) integrating FRT controls in the 
existing control structure in islanded mode. Fig. 1 (b) 
illustrates this control strategy with grid-connected mode 
marked in red and islanded mode marked in blue.  

For grid-connected mode, the grid side voltage Vgabc is 
used to extract the voltage RMS and frequency for IEEE 1547-
2018 evaluation. If the IBR is GFL inverter, the 
implementation of DER response to abnormal voltage and 
frequency is straightforward: 1) for frequency, the augmented 
active power reference is calculated based on the frequency 
and the corresponding droop, and the inverter is required to 
trip after the threshold time; and 2) for voltage, the inverter 
can generate the active and reactive power as pre-fault for 
certain time with moderate fault voltage, and it has to go to 
momentary cessation (first five cycles with pre-fault power 
and zero power afterwards) or cease to energize (zero power) 
with extreme fault voltages. Essentially, the GFL DER 
response to be IEEE 1547 compliant is the adjustment of the 
active and reactive power output based on the required power 
response, and tripping of the circuit breaker after the threshold 
time. This is achievable as the GFL inverter still synchronizes 
with the grid voltage during fault, and it can generate the 
accurate power as requested.  

For the GFM inverter, it can be controlled to provide 
required DER response to abnormal voltages because the 
adjustment of power output is either pre-fault values or zero. 
In order to make the GFM inverter generate zero power while 
still connected, e.g., momentary cessation/cease to energize, 
the voltage references ( 𝑉𝑉𝑜𝑜𝑜𝑜∗ ,𝑉𝑉𝑜𝑜𝑜𝑜∗ ) and current references 
( 𝑖𝑖𝑖𝑖𝑜𝑜∗ , 𝑖𝑖𝑖𝑖𝑜𝑜∗ ) need to be zero instead of making the power 
references (𝑃𝑃∗,𝑄𝑄∗) zero as shown in Fig. 1 (b). As for the 
GFM inverter response to abnormal frequencies, it depends on 
if the GFM inverter still can generate the required active 
power based on the droop characteristics. During the faults, 
the GFM inverter self-generated phase angle may not 
synchronize with the grid voltage anymore and the GFM 
inverter may not be able to respond accurately. This is out of 
the scope of this paper, and we will investigate it in future 
work. 

For the islanded mode, there is no need for the GFM 
inverter to provide the DER response to abnormal voltage and 
frequency. Instead, integrating FRT controls in the existing 
control structure is recommended, and this will be the main 
focus of the rest of the paper. We will start from investigating 
the behavior of a GFM inverter under asymmetrical faults 
during islanded mode, then design FRT control 
correspondingly.  

 
(a) 

 
(b) 

Fig. 1. Unified control structure of a GFM inverter working in grid-
connected and islanded mode: (a) normal operation; and (b) fault 

responses.  

III. INVESTIGATION OF A GFM INVERTER’S BEHAVIOR 
UNDER FAULT CONDITIONS 

A. Thevenin Equivalent Cicuirt of Asymmetrical Faults 
To understand the behavior of a GFM inverter under 

unsymmetrical faults, it is necessary to study the sequence 
circuits to find the fault voltage and fault current during those 
faults. There are three types of unsymmetrical faults: single-
line-to-ground (1LG), line-to-line (LL), and double-line-to-
ground (2LG) faults. The Thevenin equivalent circuits of the 
system under those faults are shown in Fig. 2. It is not hard to 
understand that the 2LG fault has only negative-sequence 
current, and the other two have both negative- and zero-
sequence currents. 

 
Fig. 2. Thevenin equivalent circuits under unbalanced faults [9]. 

B. Inverter Behavior with Asymmetrical Faults 
For a system without unsymmetrical faults or unbalanced 

loads, the double-loop controlled GFM inverter shown in Fig. 
1 should function well because there is only a positive-
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sequence component in the system; however, when there are 
unsymmetrical faults or unbalanced loads, the voltage and 
current controller will be impacted because the dq 
components will no longer be in a DC quantity, as shown in 
Table 1; instead, the dq components will include both 
positive-sequence and negative-sequence elements. 

Table 1 Sequence components in dq frame [10]. 

Element Positive 
Sequence 

Negative 
Sequence 

Zero 
Sequence 

𝑉𝑉𝑜𝑜 𝑉𝑉1 𝑉𝑉2cos (2𝜔𝜔𝜔𝜔) 0 
𝑉𝑉𝑜𝑜  0 𝑉𝑉2sin (2𝜔𝜔𝜔𝜔) 0 
𝑉𝑉𝑜𝑜 0 0 𝑉𝑉0sin (𝜔𝜔𝜔𝜔) 

As we know, a PI control is a first-order controller, and a 
signal with sin and cos elements is second order; a first-order 
controller cannot track the second-order signal. Thus, the 
voltage and current controllers will have tracking errors, and 
the worst-case scenario is that the inner current loop is 
saturated, and the inverter output voltage and current are 
distorted or unstable. Fig. 3 shows the example results of a 
GFM inverter under a 2LG fault with different fault 
impedances (600 Ω for the top and 50 Ω for the bottom) in an 
islanded microgrid. Note that the inverter rated LL voltage is 
480 V, and a Yg-Δ transformer is used to connect the GFM 
inverter with the rest of the grid (12 kV). Fig. 3 shows that 
the system is stable with a less severe fault, whereas it is 
unstable with a severe fault. When the GFM inverter is stable, 
the dq components exhibit ripples, which are the negative-
sequence components caused by the 2LG fault. The voltage 
controller cannot track the reference. When the GFM inverter 
is unstable, the dq components exhibit strange waveforms, 
and the output voltage and current of the GFM inverters are 
highly distorted and abnormal. 

 
(a) 

 
(b) 

Fig. 3. A GFM inverter’s behavior under a 2LG fault with different fault 
grid impedances: (a) 600 Ω and (b) 50 Ω fault impedance. 

IV. IMPROVED CONTROL STRATEGY OF GFM INVERTERS 
FOR FRT CAPABILITIES 

As noted in Section III, negative-sequence components 
exist in the dq components of the voltage and current 
controllers. To maintain the stability and balance of the GFM 
inverter under unsymmetrical faults, it is necessary to design 
the negative-sequence controller to compensate for the 
unbalance; therefore, this section proposes the improved 
control strategy of GFM inverters with FRT capabilities by 
designing a negative-sequence control in addition to the 
existing positive-sequence controller. 

A. Dual Control Structure of the Improved Control Strategy 
of GFM Inverters 
The improved control strategy of GFM inverters with both 

positive- and negative-sequence control is presented in Fig. 4 
(a). A double-decoupled synchronous reference frame (SRF)-
PLL is used to extract the positive- and negative-sequence 
components. The schematic diagram is presented in Fig. 4 (b). 
The capacitor voltage, vo, is used to extract the phase angle 𝜃𝜃′, 
which is used for the SRF-PLL of the inverter current (ii) and 
the grid-side current (io). After extracting the positive- and 
negative-sequences for vo, ii, and io, their positive-sequence 
components enter the voltage and current control; the process 
is the same for the negative sequence. For the negative-
sequence control, the goal is to cancel them out; therefore, the 
voltage references, vod

* and voq
*, are both zero. Note that the 

negative-sequence control is superimposed onto the positive-
sequence control, and its effect is already negative by 
comparing it to the “0” reference; thus, the sign should be 
“negative” to achieve the cancelled effect. The ratio of the 
negative to positive component of the grid-side current (io), is 
used to select the negative-sequence control because there are 
not always faults/high-level unbalance in the system. For the 
power control level, the only difference is that the active and 
reactive power are calculated based on the positive-sequence 
component to have a smooth frequency and voltage reference.  

 
(a) 
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(b) 

Fig. 4.  (a) An improved control diagram with the negative-sequence 
controller for the GFM inverter and (b) a control diagram of the double-
decoupled SRF-PLL for extracting the positive- and negative-sequence 
components [10]. 

B. Virtual Impedance Control 
The VI control is added to the voltage control loop to 

soften the voltage reference because the fault generates a large 
fault current and causes the voltage to drop, and it is hard for 
the GFM inverter to achieve the target voltage reference. 
Otherwise, large amounts of fault current will be generated to 
pull the inverter’s voltage down and saturate the inner current 
loop, and then the inverter becomes unstable. The VI control 
is added to the voltage control loop through an algebraic 
manipulation of the dq voltage reference signals, which is 
shown as follows: 

    𝑉𝑉𝑜𝑜𝑜𝑜+∗ = 𝑉𝑉𝑜𝑜𝑜𝑜+∗ − �𝑅𝑅𝑖𝑖𝑜𝑜𝑜𝑜+ − 𝑋𝑋𝑖𝑖𝑜𝑜𝑜𝑜+ �                                   (1)                                                         
with R and X being the virtual resistance and reactance, 
respectively. Unlike the existing methods, only the d-axis 
voltage reference is modified by the VI control because the 
q-axis is usually zero even with faults, and there is no large 
voltage drop. Also, we still target achieving balanced voltage 
at the capacitor of the GFM inverter; therefore, the negative-
sequence voltage references (𝑉𝑉𝑜𝑜𝑜𝑜−∗,𝑉𝑉𝑜𝑜𝑜𝑜−∗) are still zero. This 
modification improves the stability of the GFM inverter 
under fault conditions, and the voltage of the GFM inverter is 
compensated to be balanced. Even though this is a small 
change to the existing methods, its improvement to the 
stability of the GFM inverter under fault conditions is 
significant. 

C.   Adaptive Virtual Impedance Control 
Because different type of faults imposes different 

challenges/impacts to the GFM inverter controller, the fixed 
virtual impedance may only work effectively under some 
fault conditions. More simulations are performed with the 
2LG, 1LG, LL and 3LG faults to further validate the 
negative-sequence control with the VI strategy. We realize 
that the 1LG faults are more severe and can significantly 
reduce the inverter voltage; thus, there is a need to retune the 
virtual impedance to improve the tracking performance and 
stability of the GFM inverters. 

The R and X values used for the study are 0.025 ohm and 
1.4 mH which works well for the 2LG faults. These values 
are obtained based on the grid side filter values of the LCL 
filter of the GFM inverter.  When the fault happens, the grid 
side voltage drops first, and then the capacitor voltage of the 
GFM inverter. The VI control essentially takes into account 
the voltage drop across the filter at the grid side and 

compensates it in the voltage reference. Instead of using the 
nominal voltage as voltage reference, this compensated 
voltage reference respects the constraints of the circuit and 
therefore the voltage controller is able to achieve this target 
voltage reference. Note that R and X values are not 
completely equal to the grid side filter resistance and 
reactance, but close to them considering there might be errors 
in measurements of the output current. 

The adaptive virtual impedance is designed based on 
these values. Rearranging the equation (1), we have 𝑉𝑉𝑜𝑜𝑜𝑜+∗ =
𝑉𝑉𝑜𝑜𝑜𝑜+∗ + 𝑋𝑋𝑖𝑖𝑜𝑜𝑜𝑜+ − 𝑅𝑅𝑖𝑖𝑜𝑜𝑜𝑜+ . Based on the sign of positive 
components of current (𝑖𝑖𝑜𝑜𝑜𝑜+  and 𝑖𝑖𝑜𝑜𝑜𝑜+ ), the change direction of 
R and X can be determined. In this design, the adaptive VI 
control is triggered only if the absolute value of the steady 
state tracking error (𝑒𝑒 = 𝑉𝑉𝑜𝑜𝑜𝑜+∗ − 𝑉𝑉𝑜𝑜𝑜𝑜+ ) is larger than the pre-
defined threshold (5 V). Table 2 lists the changes for the R 
and X for adaptive control. Note that 0.8 and 0.2 are the 
weighting factors for changing R and X. The adaptive VI 
control needs to include the logics of detecting steady state of 
tracking error, and signs of positive current dq components.  

Table 2 Changes of R and X for adaptive VI control. 

Tracking 
error 

𝑉𝑉𝑜𝑜𝑜𝑜+∗ R X 

> 5 𝑉𝑉 Be reduced. If 𝑖𝑖𝑜𝑜𝑜𝑜+  is positive, 
incease R by 0.8𝑒𝑒

𝑖𝑖𝑜𝑜𝑜𝑜
+ , 

otherwise reduce R 
by 0.8𝑒𝑒

𝑖𝑖𝑜𝑜𝑜𝑜
+ . 

If 𝑖𝑖𝑜𝑜𝑜𝑜+  is postive, 
reduce X by 0.2𝑒𝑒

𝑖𝑖𝑜𝑜𝑜𝑜+
, 

otherwise 
increase X by 
0.2𝑒𝑒
𝑖𝑖𝑜𝑜𝑜𝑜+

. 

< −5 𝑉𝑉 Be 
increased. 

If 𝑖𝑖𝑜𝑜𝑜𝑜+  is positive, 
reduce R by 0.8𝑒𝑒

𝑖𝑖𝑜𝑜𝑜𝑜
+ , 

otherwise increase 
R by 0.8𝑒𝑒

𝑖𝑖𝑜𝑜𝑜𝑜
+ . 

If 𝑖𝑖𝑜𝑜𝑜𝑜+  is postive, 
increase X by 
0.2𝑒𝑒
𝑖𝑖𝑜𝑜𝑜𝑜+

, otherwise 

reduce X by 0.2𝑒𝑒
𝑖𝑖𝑜𝑜𝑜𝑜+

. 

V. SIMULATION RESULTS 
In this section, a numerical simulation is performed in 

MATLAB/Simulink to validate the control performance of the 
improved control strategy of the GFM inverter in microgrid 
applications. Simulation of a microgrid with one GFM 
inverter is performed under asymmetrical and symmetrical 
faults in islanded mode, and the 1547-2018 compliance testing 
in grid-connected mode is also tested and validated. The 
microgrid under study has one GFM inverter, one GFL 
inverter, and two commercial loads. Note that an average 
switch model is used to simulate the GFM and GFL inverters 
because it better represents the inverter behaviors and 
dynamics than the average model. 

A. Islanded Microgrid with 2LG Fault with 50 ohm Fault 
Impedance 
Continuing the test shown in Section III, the same fault 

scenario (2LG fault with 50 Ω fault impedance) is applied at 
the same time and duration (the fault is applied at 5 s and 
removed at 7.5 s). The GFL inverter is IEEE 1547-2018 
compliant; it disconnects after 2 s (voltage lower than 0.5 
p.u.) and reconnects when the terminal voltage is normal. Fig. 
5 shows the simulation results of the negative-sequence 
control only, and Fig. 6 shows the results of the negative-
sequence control with VI control. 
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As shown in Figure 5 (a), the actual positive-sequence d 
component of the GFM inverter voltage has a large 
discrepancy from its target value (nominal voltage) due to the 
fault, and the q component has small oscillations rather than 
a straight DC component. As for the negative sequence dq 
component, the q component shows discrepancy from its 
target value (zero). Due to the large tracking error in the 
positive-sequence d component, the PI control in the outer 
voltage loop will saturate, resulting in the saturated current 
reference and inner current loop, which cause instability in 
the output voltage, as shown in Fig. 5 (c). The pulse-width 
modulation (PWM) signals in Fig. 5 (d) show that the 
positive-sequence component is saturated with a PWM 
greater than “1,” the negative-sequence PWM is totally 
distorted and unstable (the period with zero PWM after the 
fault means that the unbalanced ratio is less than the target 
level for selecting the negative-sequence control), and the 
final PWM signal is saturated and distorted. This further 
explains why the output voltage is distorted and unstable. 

 
                            (a)                                                           (b) 

 
                            (c)                                                      (d) 
Fig. 5. Simulation results of a GFM inverter with negative-sequence 

control: (a) the dq components of voltage in positive-sequence control; 
(b) the dq components of voltage in negative-sequence control; (c) the 
output voltage and current of a GFM inverter; and (d) the PWM signals 
of the inverter: positive sequence (top), negative sequence (middle), 
and the final signal (bottom). 

With the VI control, the GFM inverter improves the 
stability, as shown in Fig. 6. First, Fig. 6 (a) shows that the 
positive-sequence d component of the GFM inverter voltage 
tracks its modified reference, which avoids the saturation of 
the PI control in the voltage loop and the current reference. 
The q component also shows good tracking performance 
without the oscillations observed in Figure 5 (a). For the 
negative-sequence control, both the d and q components track 

the references well. Figure 6 (a) and (b) indicate that the 
positive- and negative-sequence control functions behave as 
expected. Figure 6 (c) shows that the output voltage 
experiences some transients after fault but quickly reaches 
steady state with totally compensated and balanced three-
phase voltages. The output current is still unbalanced, but the 
magnitude is smaller than the one observed in Figure 5 (c). 
The PWM signals in Figure 6 (d) show no saturation in the 
positive-sequence PWM, stable PWM in the negative-
sequence PWM, and an unbalanced final PWM signal for the 
unbalanced compensation; thus, the PWM signals further 
validate the stability of the GFM inverter with VI control. 
Figure 6 demonstrates the effectiveness of the developed 
negative-sequence control with the VI strategy, and it also 
indicates the necessity of adding VI control to improve the 
stability of the GFM inverter for FRT capabilities.  

 
                            (a)                                                       (b) 

 
                                  (c)                                                    (d) 
Fig. 6. Simulation results of a GFM inverter with negative-sequence and VI 

control: (a) the dq components of voltage in positive-sequence control; 
(b) the dq components of voltage in negative-sequence control; (c) the 
output voltage and current of a GFM inverter; and (d) the PWM signals 
of the inverter: positive sequence (top), negative sequence (middle), 
and the final signal (bottom). 

B. Islanded Microgrid with LG Fault with 0.1 ohm Fault 
Impedance 

To test the adaptive VI control, a LG fault with 0.1 ohm 
fault impedance is applied at 5 s and removed at 7.5 s. This is 
a severe fault which causes even larger voltage drop in the 
GFM inverter capacitance voltage. The designed adaptive VI 
control in Section IV Part C is applied in this test. The testing 
results are presented in Fig. 7. Similarly, the GFL inverter 
disconnects after 2 s (voltage lower than 0.5 p.u.) and 
reconnects when the terminal voltage is normal. This explains 
the transients appeared in the voltage components shown in 
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Fig 7 (a). As seen from Fig. 7 (a), the d component of voltage 
positive sequence reaches steady state with large tracking 
error (approximately 10 V ≥ 5 V (the threshold)), and then 
the adaptive virtual impedance is triggered at 6 s to reduce the 
voltage reference, thus the output voltage (𝑉𝑉𝑜𝑜𝑜𝑜+ ) can reach and 
track its reference (𝑉𝑉𝑜𝑜𝑜𝑜+∗ ). For the virtual impedance, R 
changes from 0.025 ohm to 0.095 ohm, and L changes from 
1.4 mH to 1.45 mH. They keep the same for the rest of 
simulation time since the tracking error is small and within 
the threshold. As for the other voltage components shown in 
Fig 7 (a) and (b), they are designed to track zero voltage 
reference, and the results show that they track their own 
references well. 

Fig. 7 (c) shows that the GFM inverter generates balanced 
three phase voltage using the VI control, and the output 
current of the GFN inverter is unbalanced as designed. For 
the PWM signals, the positive and negative sequence both 
experience transients after fault and reach steady state with 
balanced waveforms, thus resulting the final PWM reach 
steady state with unbalanced waveforms to compensate the 
negative sequence voltage. The results presented in Fig. 7 
validate the effectiveness of the designed adaptive VI control 
to improve the tracking performance of voltage control, and 
further improve the stability of the GFM inverter.  

 
                              (a)                                                           (b) 

 
                            (c)                                                      (d) 
Fig. 7. Simulation results of a GFM inverter with negative-sequence and 

adaptive VI control: (a) the dq components of voltage in positive-
sequence control; (b) the dq components of voltage in negative-
sequence control; (c) the output voltage and current of a GFM inverter; 
and (d) the PWM signals of the inverter: positive sequence (top), 
negative sequence (middle), and the final signal (bottom). 

C. Islanded Microgrid with High and Low Impedance Faults 
To further evaluate the performance of the improved 

control structure of the GFM inverter for FRT capabilities, 
more tests are performed for the islanded microgrid with high 
and low impedance faults. The balanced faults (e.g., 3LG) are 
also studied to test the adaptive VI control, and the negative 
sequence control is not activated due to the balanced output 
current in the GFM inverter. Overall, the proposed improved 
control structure for FRT capabilities works well for all the 
high and low impedance faults tested, most faults studied can 
achieve good tracking performance without changing the 
virtual impedance, and the inverter output voltage is balanced 
after compensation. The test results of adaptive VI control 
with the final impedance values are summarized in Table 3. 

Table 3 Summary of various fault testing. 
Fault Virtual impedance 

LG, 0.1 ohm R_VI=0.065; L_VI=1.4e-3 
LG, 100 ohms R_VI=0.065; L_VI=1.4e-3 
LLG, 0.1 ohm R_VI=0.025; L_VI=1.43e-3 
LLG, 50 ohms R_VI=0.025; L_VI=1.4e-3 
LL, 0.1 ohm R_VI=0.025; L_VI=1.4e-3 
LL, 100 ohms R_VI=0.025; L_VI=1.4e-3 
3LG, 1 ohm R_VI=0.025; L_VI=1.4e-3 
3LG, 100 ohms R_VI=0.0138; L_VI=0.77e-3 

D. Grid-Connected Microgrid with LG Fault with 0.1 ohm 
Fault Impedance 

This scenario is to test the GFM inverter’s DER response 
to abnormal voltages during grid-connected mode for 1547-
2018 compliant test. A LG fault with 0.1-ohm fault 
impedance is applied to the bus where the GFM inverter is 
connected from 6 s to 8.5 s. With this low impedance, the 
inverter PCC voltage drops below 0.5 p.u. Based on the IEEE 
1547-2018, the inverter should enter momentary cessation 
mode that the DER generates pre-fault power for the first 5 
cycles and zero power thereafter until trip (if the voltage stays 
lower than 0.5 p.u. for 2 s, the inverter should trip). Since the 
fault is removed at 8.5 s, the inverter should trip at 8 s. The 
representative results are presented in Fig. 8 and Fig. 9. 

Fig. 8 (a) and (b) shows the measured active and reactive 
power of the GFM inverter in grid-connected mode. Before 
the fault happens, the GFM inverter can track the power 
references; when the fault happens, the inverter keeps the pre-
fault power for five cycles, then generates zero power 
afterwards until trips at 8 s; and the inverter is reconnected to 
the main grid at 10 s and continues to generate the 
commanded power. Fig. 8 (c) and (d) shows the phase A 
output voltage and current of the GFM inverter. Since the 
fault is removed at 8.5 s, the inverter is programmed to 
resynchronize with the main grid once the PCC voltage is 
back to normal. Note that during the momentary cessation 
(between 6 s and 8 s), the GFM inverter still generates voltage 
output because it stays standby in case the system voltage is 
back to normal.  

Fig. 9 shows the logic signals related to the 
implementation. The “Block_signal” is applied in the voltage 
and current controllers to zero out the voltage and current 
references, and the “Trip_signal” is applied at the circuit 
breaker control logic to trip off the GFM inverter after the 
threshold time. The results show that the logic signals work 
as expected, which results in the inverter follow the DER 
response as defined in IEEE 1547-2018.         
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                                 (a)                                                       (b) 

 
                                 (c)                                                      (d) 
Fig. 8. Simulation results of a GFM inverter in grid-connected mode (a) the 

active power reference and output; (b) the reactive power reference and 
output; (c) phase A of output voltage; and (d) phase A of output current. 

 
Fig. 9. Logic signals of the GFM inverter: block signal (top), trip signal 

(middle) and the circuit breaker status (bottom). 

VI. CONCLUSION 
This paper presents an improved control strategy of GFM 

inverters for FRT capabilities to achieve balanced three-
phase voltages under asymmetrical faults—starting from the 
equivalent circuits of the three types of asymmetrical faults, 
then investigating the inverter behaviors under a 2LG fault, 
and finding that the inverter might become unstable under 
more severe faults. Next, the negative-sequence control is 
proposed together with the VI strategy. Unlike existing 
works, only the d component of the positive-sequence control 
is proposed and proven needing the VI control. The negative-
sequence control only and the negative-sequence control with 
the VI strategy are simulated with the 2LG fault. The results 
show that the inverter using only the negative-sequence 
control is unstable because the fault causes a large voltage 
drop in the inverter, thus causing a large tracking error in the 
voltage loop and saturated current references and an inner 
current loop. With the VI control reducing the voltage 
reference, the voltage d component can track the reachable 

reference, and there is no tracking error in the voltage loop 
and saturation of the current reference, thus improving the 
stability of the GFM inverter and achieving the target 
balanced voltages. Moreover, the adaptive tuning of the VI 
control is proposed due to the necessity of making the VI 
control work in all fault conditions, and simulation results 
have demonstrated the efficacy of the proposed adaptive VI 
control. Lastly, the voltage response of GFM inverter is 
studied under grid-connected mode, indicating the expected 
response to abnormal voltage causes by fault.  
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