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Understanding the Key Assets for 
Renewable-Rich Power Systems

T
THE SHIFT TO NET ZERO ENERGY SYSTEMS HAS CHANGED THE 
face of our power grid. Traditional large-scale synchronous generators found 
inside coal and natural gas plants are being replaced with inverter-based 
resource (IBR) technologies. This transition to an IBR-dominant power grid 
introduces new characteristics, altering how our grid operates. Therefore, 
the role of IBRs has expanded, requiring them to provide a range of essential 
services to keep our grid reliable, resilient, and secure.

Currently, most of the IBRs connected to the grid operate in a mode 
referred to as grid-following (GFL). In this mode, GFL inverters synchro-
nize with the existing grid and inject constant current in a steady state. How-
ever, it is widely recognized that the performance of such IBRs deteriorates 
in low-strength grids. Grid strength in a power system refers to its ability 
to withstand disturbances and maintain stable operation without significant 
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fluctuations in voltage and frequency. Additionally, GFL 
IBRs lack certain capabilities, such as operating indepen-
dently or assisting in restarting the grid after a blackout.

In contrast, grid-forming (GFM) control is an alternative 
method that still has to synchronize with the existing grid 
but maintains constant internal voltage to inject power in a 
steady state. This control method, used in GFM inverters, 
allows the IBR to react nearly instantaneously to changes 
in the system to help stabilize the grid. GFM controls are 

primarily used in islanded power systems operating inde-
pendently from the grid (i.e., islanded microgrids), with lim-
ited use so far in grid-connected applications. Yet, research 
suggests that as our grids begin to contain more and more 
IBRs, GFM controls will be crucial to maintaining stability.

The fast-paced transformation of our power grids high-
lights the need to enhance our understanding and applica-
tion of GFM inverters. Yet, the research landscape on this 
topic is still in the early stages, with various gaps to fill and 
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questions to answer. This article aims to contribute to this 
global effort, presenting a comprehensive, state-of-the-art 
review of GFM inverter-related research activities while 
highlighting this technology’s crucial role in maintaining 
grid stability in an increasingly IBR-dominated world.

We will discuss various types of GFM control, delve into 
the ongoing efforts to devise innovative GFM control strategies, 
create reliable models and performance validation, and explore 
the challenges and shortcomings of the existing solutions and 
opportunities for further research. This article may serve as a 
guide to navigate this complex technology landscape, fostering 
knowledge that can stimulate further research and innovation to 
achieve a reliable, resilient, IBR-dominated power grid.

GFM Versus GFL Control: The Dance 
Floor Example
Picture a lively dance floor, with dancers moving and swaying 
to the beat of the music. The majority of these dancers, akin to 
GFL inverters, dance in response to the rhythmic cues of the 
disc jockey (DJ), analogous to the voltage and frequency of the 
grid dominantly controlled by synchronous generators today. 
Their dance is a carefully choreographed response to the music. 
Guided by synchronization elements (often a phase-locked loop) 
and much like a dancer’s auditory senses, GFL inverters detect 
the rhythm and melody, electrically speaking, at the angle of the 
grid’s voltage at the point of connection. This allows the GFL 
inverter to synchronize itself with the grid’s “music.”

Once these synchronization elements pick up the beat, 
they transfer the rhythm to the GFL inverter’s internal con-
troller, similar to how a dancer’s body instinctively moves 
with the beat. The controller uses this rhythm to modulate 
the voltage at the inverter’s terminals. This modulation 
allows the GFL inverter to control its current, much like a 
dancer using their moves to navigate the dance floor, regulat-
ing its real and reactive power exchange with the grid.

However, even a skilled dancer can falter when the music’s 
rhythm grows complex or faint, akin to low-strength grid con-
ditions where the grid’s voltage and frequency are not as robust 
or predictable. Despite its attentive synchronization control, in 
these challenging scenarios, the GFL inverter can struggle to 
keep the rhythm. It is like a dancer trying to keep time with 
faint, erratic beats. This difficulty can cause potential insta-
bility issues and cause the GFL inverter to miss steps, which 
could negatively affect the grid’s performance and stability.

In the crowd on the dance floor, there may be a lead dancer 
symbolizing a GFM inverter. Unlike the others, who move in 
response to the DJ’s music, this lead dancer sets their rhythm 

for the rest of the crowd. They create their frequency and volt-
age reference based on the power they are supplying and not 
merely following the grid’s voltage and frequency.

In scenarios where the grid’s rhythm becomes weak, the 
GFM inverter, much like a masterful lead dancer, continues 
to perform seamlessly. They set the pace and maintain the 
rhythm of the dance floor despite the grid’s rhythm changes. It 
is as if the lead dancer takes over the role of the DJ, providing 
the rhythm for others when the DJ’s beat becomes unreliable.

Envision this dance floor evolving into a more complex per-
formance with multiple lead dancers, each representing a 
GFM inverter. This troupe coordinates its movements and then 
communicates and adjusts the rhythm based on each other’s 
performance. Much like the synchronization between multiple 
GFM inverters, this ensures the dance remains fluid, even if 
one dancer falters. The GFM inverters adjust their power out-
put and are able to compensate for any faltering inverter while 
still maintaining the grid’s voltage and frequency stability.

Choreographing for such a troupe requires expert fine-
tuning for effective cooperation, much like the intricate con-
figuration of multiple GFM inverters operating in tandem. 
Control settings must be adjusted, considering the overall 
system’s characteristics and requirements. It is akin to an 
experienced choreographer ensuring every dancer’s steps 
align with the troupe’s overall performance.

The interplay between GFL inverters and GFM inverters 
is crucial in power systems. Like a well-choreographed dance 
troupe, these inverters must work harmoniously to ensure a 
stable and reliable power supply. This analogy underscores the 
importance of ongoing research to improve both GFL invert-
ers and GFM inverters and enhance overall grid stability. It 
must be noted that the dance floor analogy is not meant to 
cover all aspects of the operation of such inverters and will 
eventually break down under certain circumstances.

Opportunities in GFM Inverter  
Control Variations
While GFM inverters can provide more services for power 
systems than GFL inverters, their structure is fundamentally 
similar to that of conventional GFL inverters in terms of 
their main components: the energy source, dc link, switch-
ing converter, control board, and output filter. The main dif-
ference between GFM inverters and GFL inverters lies in 
their synchronization and control logic. Further, both GFL 
inverters and GFM inverters are voltage source converters.

Figure 1(a) illustrates a conventional switching converter 
with an inductive–capacitive (LC) filter and its control to 

Grid strength in a power system refers to its ability to withstand 
disturbances and maintain stable operation without significant 
fluctuations in voltage and frequency.
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operate as a GFL inverter. For grid synchronization, the mea-
sured voltage is fed to an explicit synchronization element 
that extracts its phase angle and frequency. This phase angle 
is then fed into other control blocks. For power control, the 
measured grid voltage and current are first used to calculate 
the exchanged real and reactive power, which are then fed 
into a power control block. This block calculates the required 
current that the inverter needs to inject to achieve the required 
power set points. The calculated current set points are then 
fed into a current control block that determines the references 
for a pulse-width modulation (PWM) block that is respon-
sible for creating the switching commands of the inverters.

On the other hand, the GFM inverter regulates its real/
reactive power exchange with the grid by controlling the 
magnitude and frequency (and angle) of the voltage at its 
point of connection. This can be achieved via a cascade con-
trol structure where a primary loop determines the set points 
(angle and magnitude of the voltage) for an inner control 
loop; this loop (see “Alternatives for Inner Control Loops” 
subsection) dictates the references for the PWM block. Fig-
ure 1(b) depicts a typical GFM inverter system.

The role of the primary control is to determine the fre-
quency (and angle) and voltage references of the GFM invert-
ers as functions of active and reactive power, assuming that 
these components are decoupled and ensure synchronization 
with the grid. The primary loop determines the set point 
for the voltage magnitude and frequency based on the error 

between the calculated real/reactive power and their refer-
ence values. This primary control loop also results in car-
rying out the synchronization functionality. Since there is a 
strong correlation between real power and the frequency and 
reactive power and the voltage magnitude in power systems 
(particularly in transmission networks), the change in the ref-
erence frequency is determined as a function of real output 
power changes in GFM inverters. Different ways for realiz-
ing this function are implemented in various types of GFM 
inverters, including droop and virtual synchronous genera-
tor (VSG) controls, as seen in Figure 2. The droop method 
originates from the idea of power-sharing between parallel 
synchronous generators and determines the reference fre-
quency changes as a proportional function of power changes. 
The VSG method implements the second-order characteris-
tics oscillation equation of synchronous generators, known 
as the swing equation, which balances the kinetic energy of 
a rotating machine with the electrical power it produces. The 
VSG’s swing equation mimics the behavior of synchronous 
generators and enables the provision of inertial response for 
inverters. Although droop and VSG techniques have evolved 
in separate contexts, it can be shown that if a low-pass filter 
accompanies the droop gain in the power path in the droop 
method, the behavior of the GFM with droop is similar to 
that of VSG. Thus, the two methods are functionally similar.

Additionally, the primary control loop determines the 
reference for the voltage magnitude as a function of reactive 
power. To this end, the voltage reference is determined by 
the difference between the reactive power’s measured and 
reference values, similar to how the GFM inverter frequency 
control loop is implemented. Here again, this function can 
be realized by the droop characteristic, filtered droop char-
acteristic, second-order characteristic (referred to as the 
rotor-flux model in some contexts), or other methods.

Alternatives for Inner Control Loops
The GFM inverter’s internal control loops are tasked with produc-
ing converter-switching signals that shape the IBR voltage based 
on outputs from the primary control loop. In some approaches, 
voltage references derived from the primary loop are directed 
into an inner voltage control loop, which then generates con-
verter current references. Following this, an inner current con-
trol loop determines the converter’s PWM switching references. 
This methodology, termed cascade control, mandates that the 
innermost current control loop operates 10 times faster than 
the external voltage control loop. Such bandwidth differentia-
tion is vital for ensuring the stable functioning of cascade loops. 

∆ Active Power

Frequency

Droop Control

∫

Active
Power

Active
Power

Reference

Angle
Reference

Active
Power

Active
Power

Reference

Time

Swing Equation

VSG Control

Angle
Reference

Angle Reference

figure 2. Droop and VSG are two types of GFM control.

Grid-forming control is an alternative method that still has to 
synchronize with the existing grid but maintains constant internal 
voltage to inject power in a steady state.
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Moreover, the gains of the voltage control loop are adjusted 
so that this loop operates faster than the primary control loop.  
A chief advantage of the cascade control strategy is its capacity 
to safeguard the inverter switches. Given the vulnerability of 
these switches to overcurrent and potential damage, employing 
a cascade control system with an incorporated current control 
loop facilitates swift switch protection by promptly modulating 
the current references.

Even though a cascade voltage-current control structure is 
well established in the literature and is being used in certain 
commercial products, some recent studies aimed at increasing 
the bandwidth of the GFM inverter’s inner control loops have 
examined the idea of eliminating the current/voltage control 
loops. In these studies, the voltage references obtained by the 
primary control loop are fed directly into the converter PWM 
generator module without incorporating current/voltage con-
trol loops; to protect the switches against overcurrent, a vir-
tual impedance is used in the voltage reference signal path. 
Nonetheless, the optimal design of virtual impedance in these 
conditions remains an open issue and needs further studies.

Alternatives for Primary Control Loop
Due to the high switching frequency of the GFM inverters 
and the high bandwidth of its inner control loops, the out-
puts of the GFM inverters quickly follow the primary control 
loop references. Therefore, the dynamic behavior of the GFM 
inverter is mainly a function of its primary control loop. In 
fact, the reason for naming the VSG method is that the out-
put behavior of the GFM inverters is similar to that of the 
synchronous generator, whose oscillation equation is imple-
mented in the primary control loop. However, the key differ-
ence between synchronous generators and VSG lies in the fact 
that, in synchronous generators, the coefficients of the oscil-
lation equation are not adjustable. Further, it is a function of 
the machine’s physical properties, whereas these coefficients 
can be parameterized for VSG, providing a more flexible con-
trol capability. This specific feature extends the capabilities of 
GFM inverters beyond synchronous generators.

Recent research suggests enhancing the output of GFM 
inverters by adaptively tuning VSG coefficients according 
to grid strength variations. While it is common to adjust the 
primary loop coefficients, there is also potential to modify 
the primary control function or even expand its dynamic 
order. A notable approach includes introducing an opti-
mally parameterized lead–lag term into the swing equation, 
thereby transitioning the VSG control to a more advanced 
generalized VSG control system. This results in a notably 

better GFM inverter dynamic performance, irrespective of 
whether it is operating in islanded mode or connected to 
grids of different strengths. Additionally, other studies have 
redefined the primary control loop as a multi-input (cover-
ing active and reactive power) multi-output (dealing with 
frequency and voltage references) system. From this per-
spective, a robust multivariable controller can be crafted, 
leading to significant improvements in the GFM inverter’s 
reactions under diverse conditions. These advancements are 
just a glimpse into the GFM inverter’s potential to surpass 
synchronous generators, achievable mainly through control 
loop redesigns. Indeed, the possibilities expand even further 
when delving deeper into their control system enhancement.

It must be noted that the flexible nature of the GFM inverter 
control provides unique opportunities to offer other services to 
the grid, such as damping subsynchronous oscillations and alle-
viating adverse interactions of other IBRs on each other. When 
designing GFM inverter’s primary controllers, considering 
such services could be a topic of further research in this area.

Modeling and Stability Analysis
Modeling and stability analysis are essential for under-
standing a GFM inverter’s performance and ensuring the 
power system’s reliable operation. Many types of GFM con-
trol are interrelated and can be parameterized to represent 
each other. An example of this relationship is the ability to 
represent droop and VSG controls using a common set of 
equations that can subsequently be parameterized appropri-
ately to realize a specific form of control. Simultaneously, 
as discussed above, common control architectures of GFM 
control employ either a single voltage loop or both a voltage 
and current control loop in cascaded form. These common 
structures allow for the construction of generic models in 
simulation software, which can have a functional representa-
tion, as shown in Figure 3. Based on the specific control that 
a user wants to deploy, a generic model can be appropriately 

Voltage
Controller

Current
Controller

GFM Control (Droop or VSG) 

Voltage
Source

Interface

N
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w
or
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figure 3. Conceptual generic model of a GFM inverter.

Like a well-choreographed dance troupe, these  
inverters must work harmoniously to ensure a stable  
and reliable power supply.
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configured. Since the development of generic models would 
usually lag behind the development of technology from 
manufacturers, improvements can be made to such generic 
models for wider use in steady-state, dynamic, and transient 
simulation platforms. These improvements would be driven 
by new performance features introduced by manufacturers.

Further, new analytical approaches need to be investi-
gated to analyze the system stability with a mix of GFM 
inverters, GFL inverters, and synchronous machines. 
Research is being conducted to develop innovative modeling 
and simulation methods, and tools are being developed to 
improve the accuracy of GFM inverter models and computa-
tion efficiency, including model and network order aggrega-
tion tools and integrated cosimulation tools. Modeling and 
stability analysis help design the control strategies for GFM 
inverters to ensure their stability under different operating 
conditions. There are different categories of stability analy-
sis that are important for GFM inverters, including small-
signal stability and transient stability, which are discussed in 
more detail in the following sections.

Transient Stability
The transient stability of the system refers to its ability to 
recover from large disturbances, such as faults or outages, 
and maintain stable operation. As mentioned in the previous 
section, GFM inverters can provide additional capabilities 
for the system. Nevertheless, serious limitations still need to 
be tackled in GFM inverter development, with the most sig-
nificant constraint being their limited overcurrent capability. 
This constraint limits the GFM inverters’ output perfor-
mance during and after severe system faults. Various studies 
have investigated the GFM inverter operation during faults/
disturbances and subsequent to their clearance. In addition 
to providing insights into instability mechanisms upon such 
disturbances, these studies have proposed solutions, such as 
auxiliary loops for the primary control to modify the power 
reference during faults.

Various methods of current limitation during and after 
faults have also been proposed and studied in the recent 
literature. The most significant difference between current-
limiting methods is their impact on the transient stability 
of the GFM inverters during and after a fault. Although 
transient stability analysis tools for synchronous generators 
are also applicable to GFM inverters, due to inner control 
loops and the impact of current limiters, the transient stabil-
ity margin is different from that of synchronous generators; 
this might require changes to the stability analysis evalua-
tion methods.

Moreover, control interactions between neighboring 
GFM inverters and GFL inverters can cause further changes 
in their transient stability margin. For instance, some recent 
studies have investigated the transient stability of a parallel 
set of a GFL inverter and a GFM inverter and have shown 
that if a VSG and a GFL inverter are analyzed as a paralleled 
system, there may be cases where a voltage sag accelerates 

the transient angle instability process, thus increasing the 
system’s susceptibility to instability, despite the benefits of 
the VSG. Although the transient stability of small networks 
with a limited number of GFM inverters has been investi-
gated in the literature, expanding these studies to larger net-
works with a combination of several GFM inverters, GFL 
inverters, synchronous generators, and loads is a field for 
further research.

Small-Signal Stability
Small-signal stability analysis is commonly used to evalu-
ate the system’s stability under small perturbations. Due 
to the entirely different control and dynamic structures of 
GFM inverters, the small-signal stability of the inverter-rich 
networks is also affected, making it essential to appropri-
ately model and study their effects on the local and interarea 
oscillation modes. It has been shown that adding a GFM 
control may increase the small-signal stability of the sys-
tem to which it is connected. The margin of improvement 
depends on the type of GFM control that is implemented. 
There are different methods for analyzing small-signal sta-
bility: eigenvalue analysis, frequency-domain impedance-
based analysis, and state-space analysis.

One of the significant issues in small-signal stability 
studies of inverter-rich networks is the lack of access to 
detailed models of the inverters and the consequent lack of 
model standardization due to the proprietary nature of the 
inverter controls. Therefore, studying the small-signal sta-
bility of networks using traditional methods, such as eigen-
value analysis, is challenging. Other techniques, such as 
impedance-based stability analysis, have also been devel-
oped. In impedance-based techniques, injecting specific sig-
nals, it is possible to obtain the frequency impedance model 
of inverters at a specific operating point, which also enables 
the evaluation of their stability. However, the feasibility of 
studying the small-signal stability of large networks in the 
presence of thousands of GFL inverters and GFM inverters 
using these approaches is limited and requires further inves-
tigation. New analytical approaches need to be investigated 
to analyze the system stability with a mix of GFM inverters, 
GFL inverters, and synchronous machines.

Impact of GFM Inverter Placement  
and Penetration on Stability
The primary difference between GFM inverters and GFL 
inverters lies exclusively in their control systems, thereby 
allowing IBRs to operate in both GFM and GFL modes. In 
the “Standardization and Grid Codes” section we will dis-
cuss how grid codes are evolving to mandate GFM capability 
from all or some of the grid-connected IBRs. Depending on 
the grid code, this could be a basic requirement or a volun-
tary service. However, a persistent question is how to ensure 
stability during the transition from one mode to another.

As the global rate of IBR installations continues to climb, 
new questions are emerging for system operators. One of the 
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key questions is determining the necessary minimum amount 
of GFM inverters and their optimal placement. Another 
related question is whether the minimum amount of GFM 
inverters changes as existing inverter technology evolves. In 
some countries, inverters will not always be required to oper-
ate in the GFM mode, particularly where GFM is proposed 
as a voluntary service. For instance, in some European grid 
codes, inverters can switch from one mode to another under 
specific circumstances. Consequently, studying the optimal 
placement of such GFM inverters becomes crucial to ensure 
they provide the most stabilizing effect.

GFM Inverters for Different  
Energy Sources
The functionality of GFM inverters varies based on their 
connected energy source. Today, commercially operational 
GFM inverters primarily utilize battery energy storage sys-
tem (BESS)-based inverters. However, research is under-
way to integrate GFM inverters with non-BESS resources, 
like photovoltaic panels, type 3 and 4 wind turbines, high-
voltage dc (HVdc) converters, and even devices like static 
synchronous compensators. One merit of these non-BESS 
resources is their ability to offer GFM capabilities using 
existing renewables, circumventing the substantial costs 
associated with energy storage systems. Yet, this advantage 
is influenced by the resource’s operational point and sur-
rounding conditions.

When we look at type 3 wind turbines, which employ 
doubly-fed induction generators, they stand out by provid-
ing enhanced fault current levels. This is mainly due to 
only about 30% of their generated power going through the 
inverter, with the majority, over 70%, coming directly from 
the stator circuit of the induction generator. Consequently, 
they exhibit a higher fault current capacity compared to a 
typical inverter-linked GFM component.

While BESS-based systems consistently hold the dc 
link voltage at a standard value, achieving this stability in 
non-BESS sources presents challenges. Fault conditions can 
lead to overvoltage, which threatens the protection system, 
or undervoltage, which can negatively affect performance 
and power quality. Furthermore, enabling GFM features for 
wind turbines might expose their mechanical parts to net-
work disturbances, and the turbines’ inherent limitations 
can also restrict GFM functionalities. Unlike BESS-based 
GFM inverters, which can offer substantial virtual inertial 
response temporarily, this ability in non-BESS sources is 

dictated by their operational state. Such constraints must be 
factored in when integrating GFM features.

Current research initiatives are also exploring the fea-
sibility of bestowing GFM capabilities onto industrial load 
inverters, ranging from electrolyzers and electric vehicle 
charging stations to dc-connected motors and data centers. 
This approach can expand the GFM source spectrum and 
potentially stabilize areas with high loads. Moreover, the 
idea of a hybrid setup, where short-duration storage comple-
ments existing dc-linked devices, can transform inverters 
into GFMs without disrupting their primary functions. Such 
innovations could lessen the demand for battery-building 
materials, like lithium, cobalt, and silicon.

Services From GFM Inverters
Just like conventional generators, GFM inverters are essen-
tial for bolstering the power system’s stability. They should 
be capable of providing the same services as GFL invert-
ers do today but with improved performance. Additionally, 
the GFM inverter may be asked to provide new services, 
such as the ability to restart a power system subsequent to 
a blackout, commonly referred to as a black start. Services 
provided by GFM inverters are based on their capabilities 
and can be classified into “core” and “additional.” The list 
of core and additional capabilities is provided in Table 1. 
The core capabilities can be achieved with minimal modi-
fications to plant hardware and operational processes com-
pared to GFL inverters, primarily requiring adjustments 
to the software and control algorithms. Most of these core 
capabilities are expected to be common across all GFM 
inverters. To fulfill these core capabilities, a GFM inverter 

table 1. GFM inverters core and additional 
capabilities.

Core Capabilities Additional Capabilities

Fast and inherent current 
injection

Primary and fast frequency 
response

Current capacity above the 
continuous rating

Surviving the loss of the last 
synchronous connection

Black start capability

Weak grid operation and 
system strength support

Power quality improvement

Oscillation damping

The primary difference between GFM inverters and GFL inverters 
lies exclusively in their control systems, thereby allowing IBRs to 
operate in both GFM and GFL modes.
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should have the ability to offer a small energy buffer, either 
through its design or operation. Moreover, for a device to be 
considered a GFM inverter, the energy must be immediately 
available to the grid with the minimum delay caused by dc-
side control algorithms.

In addition to these core capabilities, certain GFM invert-
ers might be capable of providing additional capabilities 
that could require substantial hardware upgrades or modi-
fications to operational practices to provide a larger energy 
buffer. While not all GFM inverters need to provide these 
additional capabilities, their availability is valuable for sup-
porting secure power system operation, particularly in grids 
with high levels of IBR. Although listed for GFM inverters, 
GFL inverters can also provide some of these services.

It is worth noting that the validation of the services that 
GFM inverters provide will be important. Various software 
simulation platforms based on electromagnetic transient and 
root-mean-square techniques, as well as control hardware-in-
the-loop, power hardware-in-the-loop, and power-hardware 
testbeds, are being utilized to provide baseline behavior, 
capabilities, and interoperability of current GFM inverter 
technologies. They are further used to evaluate system-level 
interactions and verify their suitability for implementation 
into the electric power infrastructure. Some important ser-
vices are explained briefly in the following sections.

Frequency Response
Frequency response service is achieved when a suitably 
designed active power control responds to a frequency devia-
tion. A GFM inverter will respond naturally to changes in 
system frequency. The capability will be limited, however, 
by the characteristics of the energy source behind it, with its 
own dynamic limitations and peak current capability. GFM 
inverters are expected to modify their active power injection, 
responding very rapidly to under- or overfrequency events. 
Figure 4 compares the frequency response of a GFL inverter 
without the power control loop or any grid support func-
tions with that of a typical GFM inverter with various vir-
tual inertia constants during a frequency event. As shown, a 
GFM inverter immediately responds to the frequency event, 
and due to the provision of virtual inertia, the active power 
response has an overshoot.

The main research gap is directed toward defining the 
desired characteristics of the frequency response from GFM 
inverters. Simply mimicking the behavior of synchronous 
machines may not be the best solution.

Voltage Response
To maintain the voltage at the inverter terminal within per-
mitted limits, a GFM inverter has to inject or absorb some 
amount of reactive power. Voltage support is expected to be 

provided in normal operation and 
during over- and undervoltages or 
phase jumps. The main limitation 
in providing voltage support is 
the peak current capability of the 
GFM inverter. This is an impor-
tant functional difference between 
GFM and GFL, as with GFL, they 
do not attempt to maintain voltage 
at the inverter terminal. Instead, 
there usually is a plant control-
ler that carries out slow voltage 
control at the point of intercon-
nection. For low-voltage events 
caused by grid disturbances, simi-
lar to GFL inverters, GFM invert-
ers will have to “ride through” 
and remain connected. During 
faults, fast fault-current injection 
is vital for voltage support. With 
appropriate control actions, GFM 
inverters can inject current nearly 
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figure 4. Frequency response by a GFL plant compared with GFM plants with  
various inertial provision capabilities. GFM4 has the highest virtual inertia constant, 
and GFM1 has the lowest.

The idea of a hybrid setup, where short-duration storage 
complements existing dc-linked devices, can transform inverters 
into GFMs without disrupting their primary functions.
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instantaneously. The main limitation is, again, the peak-cur-
rent capabilities of the inverters and is one of the research 
gaps that need to be addressed.

Black Start
Black start is the ability of an isolated generation resource 
to self-start, establish the voltage, and start the process of 
restoring other components on an electrical grid after a 
blackout. This requires GFM inverters to be able to main-
tain the system voltage and frequency while loads are being 
reconnected to the system. They should also have the ability 
to synchronize with other generators from adjacent areas. 
GFM inverter controls (if combined with sufficient energy 
storage) can potentially enable both black start capability 
and the islanded operation of certain IBRs. Future direc-
tions could explore enhancements in the automatic load 
pickup and the development of more intelligent synchroniz-
ing methodologies. Moreover, research can also focus on the 
role of storage in improving the robustness of the black start 
process, including the optimal use of BESS. Finally, a poten-
tial investigation into resilience strategies could strengthen 
the ability to recover from blackouts and enhance system-
wide grid stability.

GFM Inverters in Distribution Networks
GFM inverters, traditionally employed in transmission net-
works, present promising applications in distribution net-
works, such as community batteries and electric vehicle 
battery chargers. As we embrace the decentralization of 
energy systems, the research landscape shifts to how to 
accommodate these possibilities. Technical feasibility stud-
ies form a crucial part of this new research avenue, analyzing 
the benefits, challenges, and impacts on local grid stability 
and power quality when integrating GFM inverters into dis-
tribution networks. In addition, there is a need to investigate 
the optimal placement of these GFM inverters within the 
distribution network, which involves developing innovative 
planning tools and algorithms.

It must be noted that a significant aspect differentiating 
distribution networks from transmission networks is the net-
work’s impedance characteristic. The primary control loop 
for GFM inverters in transmission networks, based on the 
understanding that real power is proportional to frequency 
and reactive power to voltage magnitude, might not be 
directly applicable in distribution networks. The reason is 
that distribution networks are mainly resistive, which leads 
to active power being proportional to voltage magnitude and 
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reactive power being proportional to frequency. Hence, the 
research must address how control strategies need to adapt 
for efficient operation in these diverse network conditions.

Introducing GFM inverters into the distribution system 
could bring about a significant change in how the power sys-
tem operates. Currently, when there is a problem in a section 
of the distribution system (like a blackout or an issue with a 
power line), the standard practice is to disconnect that area 
from the rest of the grid for safety reasons. This is called 
islanding. The concern is that in an islanded area, there 
might not be a traditional generator to control and stabilize 
voltage and frequency. Also, many times, when islanding 
occurs, it is an unintentional island, and the distribution cir-
cuit is de-energized for the safety of personnel who would be 
working on restoration. When the GFM inverter is present, 
this same safety issue remains.

Most of the protections in place today for these islanded 
areas rely on quickly detecting changes in frequency (how 

fast the electricity alternates) or voltage (the electrical 
pressure). GFM inverters, which can make these electri-
cal values more stable, might challenge the current pro-
tection methods. This is an important topic that requires 
further study.

In simpler terms, with GFM inverters, we might be able 
to create smaller, independent power islands during emer-
gencies. However, ensuring that these islands coordinate 
effectively with the main power grid is a crucial consider-
ation that needs more investigation.

To summarize, the main research direction in relation to 
the provision of services from GFM inverters is related to 
control algorithms and strategies. Developing controls calls 
for requirements and performance specifications. At the 
same time, overcoming some of the technology limitations 
(overloading and limited energy buffer) is a topic of research 
that will most likely have a positive impact on other GFM 
inverters’ characteristics. Finally, the mass adoption of GFM 

table 2. The summary of the requirements and additional capabilities recommended for GFM inverters.

GB Grid Code AEMO
European Union Grid 
Code (Draft)(**) UNIFI

Requirements

Active phase jump power ü ü ü(A) ü

Active damping power ü ü ü(A) ü

Voltage jump reactive power ü ü ü(A) ü

Fast fault current injection ü ü ü(A) ü

Voltage source behavior ü ü ü(A) ü

Frequency domain response ü ü ü(*)

Inertial response ü ü ü(High frequency: B)

ü(Low frequency: C)
ü(***)

Last synchronous machine survival ü ü ü

Weak grid operation and system strength ü ü ü(A) ü

Oscillation damping ü ü ü ü

GFM within current limits ü ü ü

Additional capabilities

Headroom and energy buffer ü (ü)(C) ü(*)

Current capability above continuous ü ü

Black start capability ü ü

Power quality improvement ü ü

Stability when current limit reached ü ü ü

Type A: Connection point below 110 kV and maximum capacity of .8 kW or more. Type B: Connection point below 110 kV 
and maximum capacity at or above a threshold proposed by each relevant transmission system operator (TSO), which is below 
1 MW. Type C: Connection point below 110 kV and maximum capacity at or above a threshold proposed by each relevant 
TSO, which is below 50 MW. Type D: Connection point above 110 kV or maximum capacity at or above a threshold proposed 
by each relevant TSO, which is below 75 MW.
*Even if not explicitly stated in the document, it can be inferred from the specifications that it is a desirable behavior.
**At the present situation, GFM for type A is possible but not mandatory.
***In North America, this requirement is categorized under “fast frequency response” and not explicitly defined.
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inverters in distribution systems may impact transmission 
power system operation.

Standardization and Grid Codes
Around the globe, various existing interconnection perfor-
mance standards are employed to accommodate the emergent 
features of GFM inverters. Figure 5 provides a timeline of 
some of these interconnection standards and recent docu-
ments that address GFM capability. A noteworthy example 
is the United States’ IEEE 1547-2018 and IEEE 2800-2022 
series. While these have reached different stages of maturity 
and adoption, they may fall short when addressing the capa-
bilities of GFM inverters and ensuring that power systems can 
operate with any level of IBRs and synchronous machines.

Historically, these standards have mainly sought to pre-
pare power systems where the IBRs are never required to 
supply the entirety of the load. Hence, they draw heavily 
from the capabilities of conventional inverter technologies. 
It remains uncertain whether these requirements can ensure 
acceptable power system operation or even interoperability 
between existing resources and new GFM resources. In some 
instances, the current requirements might not suit or could 
inadvertently hinder the deployment of GFM resources.

In the pursuit of standardization, the Universal Interop-
erability for Grid-Forming Inverters (UNIFI) research con-
sortium in the United States has developed the first version 
of specifications for GFM technologies aimed at providing 
uniform technical requirements for the interconnection, 
integration, and interoperability of GFM inverters in electric 
power systems of any size.

In Europe, GFM requirements are gradually being 
introduced for power electronics-based components. For 
instance, Germany now mandates HVdc links to provide 
GFM capability, including several compliance tests, such as 
phase-angle steps, linear frequency change, voltage magni-
tude steps, grid distortion, and network impedance changes. 
Britain’s Office of Gas and Electricity Markets approved a 
nonmandatory technical specification for GFM units on 31 
January 2022. The requirement for the generator connection 
code is currently under revision in Europe, proposing to add 
GFM requirements for all types of generators. The require-
ment has been proposed for it to initially be optional and 
then followed by a transitional period to allow manufactur-
ers to adjust to this control technology.

Australia’s Australian Energy Market Operator (AEMO) 
published “Voluntary Specification for GFM inverters” in 
2023 May to define the technical capabilities that power elec-
tronic devices should have to be classified as GFM inverters. 
Although voluntary, it is intended to guide future regulatory 
changes in related technical requirements and standards, 
service specifications, and procurement processes.

Table 2 summarizes the requirements and additional capa-
bilities recommended for GFM inverters in the above-men-
tioned grid codes. As research continues in the field of GFM 
control, we anticipate further progress toward international 

standardization. This will not only ensure interoperability 
across diverse systems but also promote the efficient integra-
tion and operation of renewable energy sources.

Conclusion
Across the globe, the increase of IBRs in power grids is 
demanding more capabilities from these systems to ensure 
stable and reliable electricity. GFM inverters are increas-
ingly being looked at as a solution to a variety of integration 
challenges, akin to skilled dancers setting the rhythm on a 
dynamic dance floor. However, there is still much work to do 
to develop accurate models, validate control algorithm per-
formance, and create universal specifications for the proper 
integration of these technologies. Just like a well-coordi-
nated dance troupe, this harmonious integration is necessary 
to unify IBRs with synchronous generators in future clean 
energy grids and ensure the power system dances to a seam-
less and reliable tune.
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