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Abstract: The penetration of distributed energy resources in electrical grids has been steadily increasing in an effort to reduce 

greenhouse gas emissions. Inverters, as interfaces between distributed energy resources and grids, have become critical assets in 

modern power systems. In recent years, the development and application of grid-forming inverters have gained significant traction 

due to their capability of supporting power grid operations. A comprehensive review of grid-forming inverters is presented for power 

system applications. A comparison between grid-forming inverters and grid-following inverters is conducted in terms of their 

functionalities to highlight the potential of grid-forming inverter technologies in support of power system stability and resiliency. In 

addition, advanced control strategies integrated into grid-forming inverters under various operation conditions are presented through 

reviewing the innovations introduced in recent literature and in industrial applications. This paper is intended to provide an updated 

reference regarding grid-forming inverters for power system applications to researchers and practitioners in the field of power 

electronics. 
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1  Introduction1 

With increasing public awareness of environmental 
issues, significant efforts have been made to adopt 
renewable energy resources for electricity generation 
to eliminate the use of fossil fuels. Renewable 
energy-based distributed energy resources (DERs), 
such as wind [1] and photovoltaics (PV) [2] systems, 
have been experiencing significant growth in recent 
decades, and they already play important roles in the 
electricity market [3-5]. Meanwhile, with the 
development of energy storage technologies, battery 
energy storage systems   (BESSs) [6] and electric 
vehicles (EVs) [7] have also become essential power 
system components contributing to modern power 
systems. To regulate the operational characteristics of 
these DERs and perform power conversion that meets 
the requirements of grid interconnection standards, 
inverters are the most critical interface required in 
these systems [8-9].  
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The high penetration of DERs has brought many 
system benefits, such as power flow flexibility, 
ancillary services, and peak shaving, but it also leads 
to new operation challenges in power grids [10-11]. 
Conventional DER inverters are generally 
grid-following (GFL) inverters, which are used to 
maximize DER power production and feed high 
quality power to main grids [12-13]. The lack of grid 
operation considerations in these conventional GFL 
inverters have brought system stability and reliability 
issues, as well as control challenges due to their 
zero-inertia characteristics, lowering the overall inertia 
of power systems, which makes them vulnerable to 
grid variations. Although grid-support functions [14-15] 
and droop control functions [16-18] have been integrated 
into GFL inverters, which help to shape the power grid 
under various conditions, they have suffered severe 
operational limitations because they are only add-ons 
to GFL inverters and have their control boundaries. 
Recently, the concept of grid-forming (GFM) has 
drawn much attention [19-21] because it is primarily 
developed with enhanced support to power system 
operations. GFM inverters are generally designed as 
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voltage sources that regulate their voltages and 
frequencies in synergy with power grids through 
various GFM functions. Droop control functions [22], 
virtual oscillator control functions [23], and virtual 
synchronous generator functions [24-25] are the most 
common functions used in GFM inverters for 
providing voltage/frequency/inertia support to power 
grids and for enabling smooth operation with parallel 
inverters. Other GFM functions have also been 
developed for GFM inverters, such as the 
self-synchronization function, coordinated control 
function, seamless mode transition function, and 
black-start functions. The self-synchronization 
function [21] was proposed particularly for two-stage 
DER-based inverters, integrating DC-link voltage 
control with droop control functions. The coordinated 
control function [26] was developed to support the 
operation of inverters under unbalanced grid 
conditions. The seamless mode transition function [27] 
enables flexible operation of a microgrid between 
grid-connected and islanding operations. Black-start 
functions [28-29] provide restoration of the power grid 
from blackout events with practical considerations. 
With the implementation of these functions, GFM 
inverters are able to perform grid regulation and thus 
enhance the grid stability and reliability under various 
operating conditions. 

This paper reviews the functions and state-of-the-art 
controls of GFM inverters. The remainder of this paper 
is organized as follows. The differences between these 
GFM inverters and traditional GFL inverters in terms 
of control methods under various grid operation 
scenarios are discussed in Section 2. A review of the 
primary functions of a GFM inverter is presented and 
analyzed with recent innovations in GFM technologies 
in Section 3. Conclusions and recommendations for 
potential GFM technology advancements are 
presented in Section 4. 

2  Overview of GFM inverter control 

Before discussing the built-in functions of GFM 
inverters, the functional controls are first compared 
between GFM and GFL inverters [12, 19-30]. Simplified 
representations of these inverters are presented in  

Fig. 1, where Fig. 1a shows a grid-connected GFL 
inverter, Fig. 1b represents a GFM inverter in 
grid-connected operation, and Fig. 1c depicts a GFM 
inverter operated in an islanded microgrid. Here, Pref, 
Qref, Vref, and fref are the control references of the 
active power, reactive power, grid voltage magnitude, 
and grid frequency, respectively. These control 
references are usually generated by a system-level 
controller or a maximum power point tracking (MPPT) 
algorithm. P*, Q*, V*, and f* are the modified 
references generated by the grid-support functions as 
well as other built-in functions of the inverter. V(f) is 
the voltage of the grid. V*(f*) and I*(f) are the output 
voltage and current of the GFM and GFL inverters, 
respectively. Zp and Zs are the equivalent impedances 
of the GFL and GFM inverters, respectively, and Zload 
is the sum of all other loads in the network during 
islanding operation. 

 

Fig. 1 Simplified representations of GFL and GFM inverters 

As shown in Fig. 1a, the GFL inverter can be 
simplified as an ideal current source connected to the 
utility grid with parallel high impedance, and it is 
designed to deliver power from DERs to the grid. 
Depending on the grid conditions, the control  
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references of Pref, Qref, Vref, and fref from an upper-level 
controller or an MPPT algorithm are first sent to the 
grid-support functions, generating the modified power 
references P* and Q*. A current control algorithm is 
then applied to generate a current command I*(f) for 
the inverter operation. Under the GFL operation, only 
current magnitude and phase angle in the output 
current are adjusted to achieve the desired 
active/reactive power outputs. The frequency of the 
current source remains identical to that of the grid. 

Meanwhile, a GFM inverter can be represented as 
an ideal voltage source and is capable of adjusting the 
magnitude, frequency, and phase angle of the output 
voltage in both grid-connected (Fig. 1b) and islanding 
operation (Fig. 1c).  

Similar to a GFL inverter, a GFM inverter may be 
required to maximize its power production when 
supplied from a renewable energy source during the 
normal grid-connected operation. As shown in Fig. 1b, 
in order to generate the desired output power of the 
GFM inverter, Pref and Qref are first sent to the built-in 
functions, such as a droop controller, leading to the 
modified references V* and f* for the voltage controller 
to set the output voltage command V*(f*) for the GFM 
inverter. During this operation, the active/reactive 
power is controlled by adjusting the magnitude, phase 
angle, and frequency of the GFM inverter output 
voltage V*(f*). Under abnormal grid-connected 
operations, when the grid voltage or frequency 
exceeds the limits specified in the grid interconnection 
standards, the GFM inverter is required to help the 
power system maintain the desired grid voltage and 
frequency through direct voltage and frequency 
regulations. Under these abnormal conditions, grid 
references Vref and fref are first sent to the built-in 
function of the GFM inverter, such as a virtual 
synchronous generator function [24-25], for the 
calculation of V* and f*. Then, V* and f* are further sent 
to the voltage controller to generate the desired 
inverter output V*(f*) to help the operation of the grid 
under the abnormal conditions. 

Meanwhile, the GFM inverter has significant 
advantages over the GFL inverter when operated under 
islanding conditions. The current-source characteristics 
of a GFL inverter require external voltage sources for 
its grid synchronization to maintain its normal 

operation. It suffers from severe operational 
difficulties in islanding operations without external 
voltage signals, which cannot be used to solely support 
or black start an islanding network. On the contrast, a 
GFM inverter is able to support and black start an 
islanding network through its capability of providing 
grid voltage to the islanding network with its 
voltage-source characteristics [27, 31], as shown in   
Fig. 1c. Under this islanding condition, the main goal 
of the GFM inverter is to provide voltage and 
frequency support to the network by directly 
controlling V*(f*) at their nominal values as a 
controlled voltage source. The active/reactive power 
generation from the GFM inverter completely depends 
on the network load conditions. Moreover, in an 
islanding network supported by a GFM inverter 
(usually with weak grid characteristics), other GFM 
inverters can be easily connected to the network 
through advanced GFM functions, while GFL 
inverters may suffer from oscillations when connected 
to this network due to weak grid variations. 

In general, both GFM and GFL inverters have 
similar grid support and power production goals during 
grid-connected operation through either active/reactive 
power adjustments (GFL inverters) or voltage/frequency 
adjustments (GFM inverters). However, GFM inverters 
have significant performance advantages over GFL 
inverters during islanding operations as they not only can 
be used as voltage sources supporting or black starting the 
entire islanding network but also have better GFM 
function integration for the parallel operation in weak 
islanding grids. 

Detailed control block diagrams for both GFL and 
GFM inverters are shown in Fig. 2. Here, I(f) is the 
measured grid current, Uout is the controller output, 
and θ is the phase angle of the grid voltage. 
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Fig. 2 Control block diagrams of GFL and GFM inverters 

As shown in the block diagram of the GFL inverter 
in Fig. 2a, grid synchronization is the most critical 
aspect for smooth power delivery and is usually 
achieved by phase-locked loop (PLL) algorithms [32-34]. 
After grid synchronization, control references are sent 
to each control block to achieve the desired 
performance.  

On the contrary, depending on the control algorithm 
and operation environment, synchronization is not 
necessarily required by a GFM inverter, as shown in 
Fig. 2b. In normal grid-connected operations, the GFM 
inverter follows the power references from a 
system-level controller or an MPPT algorithm to 
generate high-quality power fed to the grid. 
Meanwhile, when operating under abnormal grid 
conditions or islanding conditions, the GFM inverter is 
capable of sustaining its own voltage and frequency 
based on preset references without the need for a PLL 
unit. The system references are sent through the 
built-in function to the voltage controller so that the 
GFM inverter operates as an active voltage source in 
supporting the islanding grid operation. 

As discussed in this section, GFL inverters are 
designed mainly to perform power conversion, feeding 
high-quality power to the grid with grid-support 
capabilities within the normal grid limits, beyond 
which the GFL inverters must be disconnected. On the 
contrary, GFM inverters are not only able to supply 
power to the utility grid but also have more support 
functions, such as providing direct voltage, frequency, 
and inertia support to the utility grid, islanding 
operation support with seamless mode transitions, for 
both grid-connected and islanding operations. Detailed 
descriptions of these GFM functions are provided in 
Section 3. 

3  State-of-the-art GFM functions 

To achieve the desired functionality and performance 
of GFM inverters under different operating conditions, 
various GFM functions have been developed. In this 
section, some primary GFM functions integrated in 
GFM inverters are summarized and explained in detail. 
In this paper, all the functions are assumed to be built 
on the control diagram shown in Fig. 2b for GFM 
inverters. 

3.1  Phase-locked loop 

The estimation of grid parameters in grid 
synchronization is necessary in all grid-connected 
inverters, including both GFL and GFM inverters. 
Synchronization techniques [32-38] are therefore 
implemented in these inverters to estimate the grid 
parameters, such as voltage magnitude, phase angle, 
and frequency. For a GFM inverter, the accurate 
estimation of these grid parameters is not only 
essential for its normal grid-connected operation of 
delivering power to the grid, but it is also critical to 
determine suitable GFM functions under abnormal 
grid conditions and islanding operations. 

PLL techniques have been extensively used in 
grid-connected inverters for synchronizing the output 
of the inverters with the grid voltage [35-36]. Here, some 
typical PLL techniques for grid synchronization are 
reviewed, including synchronous reference frame 
(SRF) PLL [35-36] and dual second order generalized 
integrator (DSOGI) SRF-PLL [37] for three-phase GFM 
inverters, as well as second order generalized 
integrator (SOGI) SRF-PLL [34, 38] for single-phase 
GFM inverters. 
3.1.1  SRF-PLL 
The SRF-PLL method has been widely used in 
three-phase GFM inverters. The block diagram of an 
SRF-PLL is presented in Fig. 3, where Vabc represents 
the measured three-phase voltages; vq is the q-axis 
voltage extracted from Park’s transformation and is 
sent to a proportional-integral (PI) controller for 
further processing; ωnom, Δω, and ω are the grid 
nominal angular frequency, error of the angular 
frequency and estimated angular frequency, 
respectively; and θ is the estimated phase angle of the 
grid voltage. By performing this SRF-PLL, the 
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frequency, phase angle, and magnitude of the grid 
voltage can be extracted for inverter output 
synchronization as well as some other functions and 
controls. To implement the SRF-PLL into GFM 
inverters under different grid conditions, 
improvements were made in Refs. [33, 36-37] for 
practical implementations. 

 

Fig. 3 Block diagram of SRF-PLL 

3.1.2  DSOGI-SRF-PLL 
Despite the good performance and simple structure of 
SRF-PLL, it suffers from severe performance 
degradation under three-phase unbalanced grid 
conditions [39-40]. A DSOGI-SRF-PLL algorithm was 
proposed in Ref. [37] to enhance the performance of 
the original SRF-PLL under unbalanced grid 
conditions. The block diagram of the 
DSOGI-SRF-PLL algorithm is presented in Fig. 4, 
where vα and vβ are the extracted grid voltages in the 
αβ reference frame after Clarke’s transformation; K is 
the damping factor of the SOGI; v'α, qv'α, v'β, and qv'β 
are the filtered in-phase and quadrature-phase 
versions of vα and vβ, respectively; and vα+' and vβ+' 
are the filtered positive sequences of vα and vβ. Here, 
the dual SOGI blocks are used to extract and filter 
in-phase and quadrature-phase voltages of vα and vβ, 
while a positive sequence calculator (PSC) is 
adopted to filter out the unbalance components at 
these voltages.  

 

Fig. 4 Block diagram of DSOGI-SRF-PLL 

By performing the DSOGI along with PSC, 
balanced positive sequence voltages in the αβ frame 
can be obtained for the SRF-PLL for accurate 
estimation of the grid magnitude, phase angle, and 
frequency, even under unbalanced three-phase 
conditions. 
3.1.3  SOGI-SRF-PLL 
Single-phase GFM inverters also require grid 
synchronization during normal grid-connected 
operations. A PLL algorithm specifically designed for 
single-phase inverters was proposed in Refs. [34, 38] 
by adapting the original SRF-PLL algorithm to a 
single-phase system through an SOGI pretreatment. A 
block diagram of the SOGI-SRF-PLL algorithm is 
shown in Fig. 5, where Vα is the measured 
single-phase grid voltage, and vα and qvα are the 
filtered in-phase and quadrature-phase grid voltages, 
respectively. By using the SOGI technique, a virtual 
quadrature-phase voltage is obtained so that the 
original SRF-PLL can be used to determine the 
magnitude, phase angle, and frequency of a 
single-phase voltage. 

 

Fig. 5 Block diagram of SOGI-SRF-PLL for 

single-phase inverters 

3.1.4  Other PLL algorithms 
Besides the basic PLL algorithms reviewed in Sections 
3.1.1-3.1.3, other PLL algorithms have also been 
proposed and analyzed in the recent Refs. [41-42]. As 
summarized in Ref. [41], most three-phase PLL 
algorithms are developed with enhanced filtering 
capability using loop filter (LF), moving average filter 
(MAF), notch filter (NF), delayed signal cancelling 
(DSC) filter, etc., for accuracy improvement of their 
frequency and phase angle estimations. Meanwhile, 
the single-phase SOGI orthogonal signal generator- 
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based (OSG) PLLs have received the most attention 
recently [42-43], with additional filter design to suppress 
DC offset and low-order harmonics. Other 
single-phase PLLs, such as enhanced PLL (EPLL), 
were also been discussed in Ref. [44] for their detailed 
performance verification. However, almost all 
three-phase and single-phase PLLs from recent 
literature share a common SRF-PLL as their 
fundamental structure, certain filtering ability, and 
frequency adaptability. 

As discussed in this subsection, PLL algorithms are 
implemented in inverters to perform grid 
synchronization through accurate grid frequency and 
phase angle estimations. Although the basic PLL 
algorithms, i.e., SRF-PLL, DSOGI-SRF-PLL for 
three-phase systems, and SOGI-SRF-PLL for 
single-phase systems, have already been widely used 
in commercial inverters, they may suffer from 
performance degradation under practical grid 
conditions with high DER penetration. Meanwhile, 
improvements based on these basic PLL algorithms 
have been made using advanced algorithms to 
achieve accurate estimation under practical 
conditions. However, they are usually designed 
with case-by-case considerations and have suffered 
heavy computational burden. In general, there 
exists a trade-off between universality and accuracy 
in the selection of PLL algorithms for GFM 
inverters in practical applications. 

3.2  Ride-through functions 

With the increasing applications of grid-connected 
inverters in power systems, opportunities have 
arisen to support the grid operation by these 
inverters. New standards, such as UL 1741 SA [45], 
California Rule 21 [46], and IEEE. Std. 1547-2018 [47], 
were developed and adopted, which included, 
among other additional requirements, the 
implementation of fault ride-through functions in 
all grid-connected inverters [14-15]. A summary of 
fault ride-through requirements in the recent 
interconnection standards for grid-connected 
inverters is presented in Fig. 6, where Fig. 6a 
outlines the requirements related to grid frequency, 
and Fig. 6b presents the requirements related to grid 
voltage. Here, although the GFM inverter uses a 

voltage controller for grid-connected operation, 
which acts as a voltage source to the grid, the 
ride-through functions are still required as 
guidelines when operating the GFM inverter under 
different grid conditions. As illustrated in Fig. 6, 
the operation of the GFM inverter under 
grid-connected conditions has been divided into 
several regions with different inverter trip time 
requirements depending on the grid parameters.  

 

  Fig. 6 Fault ride-through requirements for    

grid-connected GFM inverters 

In Fig. 6a, the frequency fault ride-through 
requirements are divided into five regions: near 
nominal (NN) frequency region, low-frequency 1/2 
(LF 1/LF 2) regions, and high-frequency 1/2 (HF 1/ 
HF 2) regions. Similar requirements related to grid 
voltage fault ride-through can be found in Fig. 6b, 
where the operations are divided into six regions: NN 
voltage region, low-voltage 1/2/3 (LV 1/LV 2/LV 3) 
regions, and high-voltage 1/2 (HV 1/HV 2) regions. 
Here, GFM inverters have normal operation in the NN 
region while having abnormal operation in other 
regions. Each region has its own operational 
requirements, and different functions can be designed 
and implemented for each grid condition. 

Ride-through functions are therefore required by 
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GFM inverters to ride-through faults under abnormal 
grid conditions before disconnecting from the system. 
As shown in Fig. 6, when GFM inverters operate in 
the HF 1, LF 1, and LV 1/2 regions, the ride-through 
functions keep GFM inverters in operation to sustain 
grid support before disconnecting them from grid until 
time limits are reached. In these operating regions, 
GFM inverters are required to directly control their 
output voltages and frequencies for a relatively long 
time to help the grid to resume its normal operation. 
Meanwhile, GFM inverters are also required to cease 
energizing in a short time (i.e., the must trip time) after 
the occurrence of a more severe fault, as represented 
by the HV 1 and LV 3 regions. GFM inverters must 
also be immediately disconnected from the grid when 
the grid faults fall into the HF 2, LF 2, and HV 2 
regions to prevent severe over-/under-frequency and 
over-voltage issues. 

Under islanding operation for abnormal conditions, 
ride-through functions are still required by GFM and 
GFL inverters. Further investigation of the fault 
ride-through conditions impact of these ride-through 
actions on the network is required because these 
islanding microgrids usually have small system inertia 
and can be easily affected by these ride-through 
actions. 

In general, the ride-through functions are defined by 
grid interconnection standards with grid-support and 
protection considerations. However, these ride-through 
functions originate from a grid-connected GFL 
inverter, and the implementation of these functions 
into GFM inverters for both grid-connected and 
islanding operation requires further modification of 
grid interconnection standards. 

3.3  Droop control 

The droop control function of GFM inverters, as was 
originated from the rotational generators’ droop 
characteristics, has been developed for voltage source 
operation and supporting grid operations [48-50]. With 
multiple parallel inverters in operation, the droop 
control function adjusts the output voltage and 
frequency of a GFM inverter for synchronizing and 
power sharing purposes in both grid-connected and 
islanding operations based on certain droop curves. 
Here, the operation of the droop control function 

mainly focuses on adjusting the inverter output in its 
normal operation, i.e., in the NN region in Fig. 6. 

Based on the explanations in Refs. [12, 21, 50], the 
characteristics of the droop control function are 
illustrated in Fig. 7, where Fig. 7a is the P-f droop 
curve, and Fig. 7b is the Q-V droop curve. Here, Vnom 
and fnom are the grid nominal voltage and frequency, 
respectively, Kf is the slope (droop rate) of the P-f 
curve, and Kv is the slope (droop rate) of the Q-V 
curve. 

 

Fig. 7 Droop characteristics 

As shown in Fig. 7, the droop equation can be 
obtained as Eq. (1), where Pout and Qout are the output 
active and reactive power of the GFM inverter, 
respectively. 

 
*

*

( )

( )
nom f out ref

nom v out ref

f f K P P

V f K Q Q

⎧ = − −⎪
⎨

= − −⎪⎩
 (1) 

During grid-connected operation with multiple 
parallel GFM inverters in the network, any 
disturbances or fluctuations may cause a shift in the 
operation point resulting in a change in the output 
power and power sharing between the parallel 
inverters [21]. The P-f droop control function is 
therefore used to adjust the output frequency of an 
inverter to prevent the system from further 
increasing/decreasing its output power, as shown in 
Fig. 7a. Similar to a rotating synchronous generator 
(SG), this frequency adjustment alters the phase angle 
of the inverter voltage, which regulates its active 
power generation. Meanwhile, the Q-V droop control 
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function is implemented to prevent reactive power 
circulation within the parallel GFM inverters. By 
adjusting the magnitude of the inverter output voltage, 
oscillations in the reactive power generation of the 
GFM inverter are eliminated, and thus the circulation 
currents among these inverters can be minimized. In 
general, the negative feedback control mechanism of 
the droop control function guarantees smooth 
operation for multiple parallel inverters in the network. 

The droop control function in Fig. 7 and Eq. (1) is 
still valid under normal islanding operation (i.e., in the 
NN region) because GFM inverters remain as voltage 
sources in the network [51-53]. During this islanding 
operation, the droop control function adjusts the 
magnitude and frequency of GFM inverter output 
voltage so that balanced power flow is achieved in the 
islanded microgrid.  

Although various advanced droop control functions 
were proposed in the recent Ref. [54] for better droop 
performance, their primary principle of power sharing 
for multiple GFM inverters remains the same for 
normal grid-connected and islanding operations. 
Moreover, as stated in Ref. [16], further research and 
development on droop control algorithms for grid 
inertia support is required for practical 
implementations in modern power systems with high 
DER penetration. 

3.4  Virtual synchronous generator 

A virtual synchronous generator (VSG), which 
emulates a rotating synchronous generator, is a 
straightforward control approach for a GFM inverter 
to provide both voltage and inertia support to the grid. 
Various methods have been proposed, developed, and 
improved in Refs. [24-25, 55-58]. The fundamentals of 
the VSG method lie in the swing equation with virtual 
inertia and damping factor. The mathematical model 
of the swing equation for the VSG method is given by 
Eq. (2), with its associated governor formulated as  
Eq. (3) [25, 57] 

 *d
d

m gm
in out m base

nom
P P J D S

t
ω ωω

ω
ω
−

− = +  (2) 

where Pin is the virtual input power on the generator 
shaft, Pout is the output power of the GFM inverter, J is 
the virtual system inertia, D* is the virtual damping 
factor in p.u., Sbase is the power rating of the inverter, 

ωm is the virtual rotor angular frequency, ωg is the 
angular frequency of the measured voltage, and ωnom is 
the grid nominal angular frequency, which usually has 
a value of 2π50 or 2π60 rad/s. 

 * m nom
in ref p base

nom
P P k S

ω ω
ω
−

= −  (3) 

where *
pk  is the droop coefficient in p.u. 

By letting kp=( *
p basek S )/ωnom and D=(D*Sbase)/ωnom 

and combining Eq. (2) with Eq. (3), the P-f relation 
can obtain as 

( )d
( )

d
m

ref out m p m nom m gP P J k D
t

− = + − + −
ω

ω ω ω ω ω  (4) 

Based on Eq. (4), the relationship between the 
active power of GFM inverters and grid angular 
frequency, i.e., P-f control, is obtained from the virtual 
system inertia and damping effect. 

Here, assuming that the virtual system has 
characteristics of very low inertia and damping factor, 
i.e., J≈0 and D≈0, Eq. (4) can be further expressed as 
Eq. (5), which is identical to the P-f droop function in 
Eq. (1). Here, fm=ωm/2π is the frequency of the virtual 
rotor, and fnom=ωnom/2π. 

 
1 ( )

2m nom out ref
p

f f P P
k

= − −
π  (5) 

Meanwhile, the relationship between the reactive 
power and voltage magnitude (Q-V control) can also 
be obtained through the VSG model [21]. The 
mathematical expression of this Q-V control is 
formulated as 

 * 1 ( ( ))
1 nom v ref out

v
V V k Q Q

T s
= + −

+  (6) 

where Tv is the time constant of excitation, and kv is a 
chosen slope. 

When assuming that the excitation response is 
very fast with Tv≈0, Eq. (6) can be simplified as 
Eq. (7), which is also identical to the Q-V 
expression in Eq. (1). 

 * ( )nom v out refV V k Q Q= − −  (7) 

In general, the VSG method is developed to emulate 
the operation of a synchronous generator with its 
rotational inertia and damping factor. By 
implementing the VSG method in GFM inverters, 
these inverters are equipped with the capability to 
perform voltage regulation as well as inertia support in 
both grid-connected and islanding operations. 
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Moreover, as shown in Eqs. (4)-(7), it can be 
concluded that the droop control is a particular case of 
VSG with zero system inertia, damping factor, and 
excitation constant. 

3.5  Virtual oscillator control 

Besides the aforementioned droop control and  VSG 
approaches, which are designed in the phasor 
representation for voltages of GFM inverters, the virtual 
oscillator control (VOC) is proposed in the time domain 
by emulating nonlinear oscillator circuits, which only 
use output current measurements as the oscillator input 
for voltage control calculations [22-23, 59-61]. A typical 
implementation of the VOC method proposed in   
Ref. [59] using the Van der Pol oscillator for a GFM 
inverter is shown in Fig. 8, where Vc is the virtual 
capacitor voltage, iL is the virtual inductor current; σ, L, 
and C are the virtual conductance, inductance, and 
capacitance, respectively; α represents the nonlinear 
characteristics; Kv and Ki are voltage and current 
scaling factors, respectively; ε is a constant value with 
the expression /L C=ε ; and φ  is a fixed user- 
defined angle, which is typically selected as 0 or π/2. 

 

Fig. 8 Typical implementation of virtual oscillator control 

The dynamics of the Van der Pol oscillator is 
expressed as 
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As shown in Fig. 8 and Eq. (8), only the grid current 
is measured as the feedback to the VOC, without the 
need of phasor quantities, such as amplitude, phase 
angle, and frequency. Based on Ref. [22], the 
time-domain VOC model can be transformed into a 
phasor model by averaging the system dynamics over 
one grid cycle. The averaged dynamics of the VOC 
method in Ref. [59] is formulated in Eq. (9), where β 

is a constant defined as 2 13 ( )vK −=β α σ , P and Q are 
the output active and reactive power of the GFM 
inverter, respectively. 
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Based on Eq. (9), the relationship between P-f and 
Q-V is established for VOC controller design, which 
regulates the voltage and frequency of the grid through 
power adjustments of GFM inverters.  

In general, the VOC method performs grid voltage 
regulation based on certain P-f and Q-V relationships. 
Different from virtual synchronous generator methods, 
where the relationship is developed from simulation of 
a SG, virtual nonlinear oscillators are used by the VOC 
method to provided such a relationship. However, as 
stated in Refs. [21, 61], the VOC method has a very 
fast transient performance, which makes it difficult to 
perform grid inertia support. Further studies and 
improvements are required for the implementation of 
this method in GFM inverters. 

3.6  DC-link voltage control 

For a typical BESS-based GFM inverter, both the 
power control and voltage control can be achieved 
with a single stage [62]. Other DER-based GFM 
inverters, such as wind and PV inverters, usually 
require two stages for different control purposes. The 
DER-side converter regulates the operation of the 
DERs for maximum power extraction or other control 
functions, and the grid-side inverter regulates the 
DC-link voltage as well as the reactive power 
generation defined by GFM functions [63]. Here, the 
active power generation from the grid-side inverter is 
designed to maintain a proper DC-link voltage. A 
system diagram of a two-stage GFM inverter is 
presented in Fig. 9, where Vdc represents the DC-link 
voltage. 

 

Fig. 9 System diagram of a two-stage GFM inverter 

In a two-stage inverter, most VSG and VOC [59-60] 
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methods cannot be used directly because they require a 
constant DC source for controlling both the active and 
reactive power through voltage and frequency 
adjustments. Although various DC-link control 
algorithms have been proposed in the recent literature 
for accurate DC-link voltage control with minimized 
voltage fluctuations [64-66], these methods are designed 
mostly for GFL inverters to generate current 
references and thus require modifications for a GFM 
inverter. To integrate DC-link control into a two-stage 
GFM inverter, a self-synchronization technique [21, 67], 
also known as matching control, has been applied to 
the synchronous control of GFM inverters, utilizing 
the dynamics of a DC-link capacitor. To perform 
DC-link regulation while maintaining its GFM 
capability, this method [67] integrates a DC-link voltage 
controller with the frequency droop function in Eq. (1) 
so that both the DC-link voltage and active power of 
the two-stage GFM inverter are regulated. A control 
block diagram of this self-synchronization method [67] 
is presented in Fig. 10, and the transfer function of this 
method is formulated in Eq. (10). 

 

Fig. 10 Block diagram of the self-synchronization method of 

Ref. [67] 
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where 2
dcrefV  is the reference for DC-link voltage, and 

KT, KJ, and KD are coefficients for damping, inertia 
emulation, and DC-link voltage tracking, respectively. 

In general, the self-synchronization function [67] 
extends the application of droop control from 
single-stage to two-stage GFM inverters with DC-link 
regulation consideration. By implementing this 
function, a relationship between the DC-link voltage 
and output frequency is established, which 
synchronizes the regulation of DC-link voltage with 
the frequency droop control for two-stage GFM 
inverters. Moreover, future modifications can be made 
by extending this self-synchronization function with 
inertia support capabilities for grid performance 
enhancement. 

3.7  Seamless mode transition 

The wide applications of inverter-interfaced DERs 
have brought challenges to power system stability 
and reliability, due mainly to the reduced system 
inertia. Microgrids have therefore been introduced 
into modern power systems as they are capable of 
performing grid-connected operation as part of the 
main grid as well as forming an islanded microgrid 
when disconnected from the main grid. While a 
microgrid enables flexible and reliable operation of 
the system under various grid conditions, it also 
imposes new requirements on GFM inverters. As 
stated in Ref. [27], to achieve seamless microgrid 
mode transitions, GFM inverters are required after 
disconnecting from the grid to support the grid 
voltage magnitude, grid frequency, network inertia, 
etc. Meanwhile, they are also required to perform 
grid synchronization in the process of grid 
reconnection to minimize inrush voltages and 
currents during mode changes.  

In the recent literature, various mode switching 
methods [27, 68-74] have been proposed, and they can be 
divided into two main categories: ①  hard-switch 
mode transition [27, 68-72] and ②  cascaded mode 
transition methods [73-74]. Representative block 
diagrams of both categories are presented in Fig. 11, 
where Fig. 11a is a diagram of the hard-switch method, 
and Fig. 11b is a diagram of the cascaded method. 

 

Fig. 11 Block diagrams of seamless transition methods 
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As shown in Fig. 11a, hard-switch methods have 
two separate controllers selected by a simple control 
switch for mode transitions. During grid-connected 
operation, a GFL-based current controller is used for 
power delivery following certain power commands, 
and a voltage controller with GFM functions is used in 
the inverter for its islanding operation, regulating the 
network as a voltage source. Mode transition is 
achieved by a single mode switch, which synchronizes 
with the grid breaker. Although hard-switch methods 
have proven their simplicity and effectiveness, there 
exist severe inrush voltages and currents due to the 
initialization issues of control variables during mode 
transitions.  

Cascaded methods have been proposed in Refs. 
[73-74]. This method has a common cascaded grid 
voltage and current controllers shared by both 
operation modes. The mode transition in this method 
is achieved by switching between power control for 
grid-connected operation and GFM functions for 
islanding operation. From the controller perspective, 
this mode change can be seen as voltage reference step 
changes, and thus the initialization issues during mode 
changes are eliminated.  

In general, seamless mode transition forms a bridge 
linking the grid-connected operation and islanding 
operation of the GFM inverter following detailed 
operational requirements. With such a mechanism, 
smooth mode changes are achieved with a minimized 
impact on the entire system. 

3.8  Black-start function 

With the high penetration of DERs and 
development of GFM techniques, the potential of 
GFM inverters for providing black-start support to 
grids has surfaced [28-29]. The black-start function is a 
process in the grid restoration strategy to restore a grid 
from power outages without any support from external 
grids [75]. Considering the fact that GFM inverters are 
capable of providing support as virtual synchronous 
generators, the implementation of the black-start 
function in GFM inverters has recently drawn the 
attention of researchers, particularly for microgrid 
applications [76-78]. Although different black-start 
configurations have been proposed [29], the most 
practical GFM-based black-start configurations are ① 

a fully functional black start using a single 
BESS-based GFM inverter for the initial black-start 
procedure and ②  a collective black start, where 
multiple DER-based GFM inverters collectively black 
start a microgrid. The detailed configurations of these 
GFM-based black-start strategies are shown in Fig. 12, 
where the fully functional black-start configuration is 
shown in Fig. 12a, and the collective black-start 
configuration is presented in Fig. 12b. 

 

Fig. 12 Detailed configurations of black-start strategies 

As illustrated in Fig. 12, the initial black-start 
procedure is performed by either a single GFM 
inverter (Fig. 11a) or by stacking multiple smaller 
GFM inverters (Fig. 11b), which meets all black-start 
requirements specified by the system operator to 
support the grid with initial voltage, frequency, inertia, 
etc. The collective black-start configuration has 
improved inverter redundancy with low system cost by 
stacking multiple smaller GFM inverters compared to 
the fully functional configuration with a single inverter. 
However, load-sharing and synchronization among 
these parallel GFM inverters, which are enabled 
through droop control, VSG, etc., have become the 
main focuses for practical realization. After the 
build-up of initial voltage provided by these DER- or 
BESS-based GFM inverters, other loads, DER-based 
inverters, and generators can be reconnected to the 
microgrid following certain restoration strategies, 
resuming the normal operation of the microgrid from a 
blackout event.  

In general, the black-start function provides GFM 
inverters with initial voltage built-up capabilities to 
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support grid restoration from power outages. However, 
as noted in Ref. [27], the start sequence and 
synchronization of GFM inverters in this initial 
procedure of the collective black-start configuration 
remain as future work, requiring a more detailed 
investigation for practical applications. 

4  Conclusions 

With increasing DER penetration, GFM inverters are 
increasingly required to operate in a GFM mode in 
exploring the potentials for supporting power system 
operation and improving reliability and resiliency. 
This paper presented an overview of the characteristics 
of GFM inverters by comparison with those of 
traditional grid-following inverters, and the recent 
innovations in GFM inverter technologies were 
highlighted, summarizing the benefits and 
opportunities of GFM inverters for grid interactive 
operations under different scenarios. 

Significantly more research and development efforts 
are still required to build on and expand the 
applications of GFM inverters in support of grid 
operation of modern power systems dominated by 
inverter-interfaced DERs. More promising 
technologies are necessary for GFM inverters to 
contribute materially to large interconnected systems 
(i.e., continental-scale power systems). By 
incorporating a variety of GFM inverters into large 
electric grids, the overall system dynamics, stability, 
and failure modes of the system could be affected; 
therefore, more research on advanced GFM functions 
with interconnection techniques (e.g., coordinated 
control function, and black start function) is required 
for these GFM inverters. In addition, more pilot 
projects of GFM inverter applications are also required 
to validate the capabilities of GFM inverters, taking 
into account the grid contingency and end-to-end 
system performance. 
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