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ABSTRACT: 

There is growing commitment to phase-out the conventional fossil-fuel based power stations to decentralized power 

generation with high share of renewable energy sources that is based on low-emission to meet the various techno-

economic, environmental and secure energy requirements. This paradigm shift from conventional generators to the 

inverter-dominated DGs/RESs, has come with some technical challenges of low inertia, frequency instability, 

harmonic distortion etc. The challenges require effective and efficient inverter-based power system control for a 

reliable and stable grid interface. Based on the way inverters functions, it is grouped into three categories: grid-

feeding, grid-supporting, and grid-forming. Several control schemes have been proposed for grid-forming inverter; 

these control schemes are based on the concept of Virtual synchronous machine, Power synchronization control, and 

Direct power control. This paper presents a comprehensive review on the recent advancements in grid-forming 

inverter control technologies. This review covers different control techniques that have been successfully implemented 

for the inverter-based power system to grid interface, benefits and challenges of attaining the estimated 100% non-

synchronous power generation. The cornerstone of the survey is to also establish state-of-the-art on the grid-forming 

inverter and identify future research areas for improving the existing techniques and developing novel ones. 

 

KEYWORDS: Distributed Generation, Grid-forming, Power Synchronization Control, Renewable Energy Sources, 

Virtual Inertia. 

  

1.  INTRODUCTION 

The modern electric power system is confronted 

with unsustainable energy as a result of high energy 

demand globally, due to population growth, 

technological advancement, and rising standards of 

living. The rising concerns of climate change resulting 

from anthropogenic emission of environmental 

pollutants into the ecosystem from thermal plants, have 

make huge investment into the traditional power 

system architecture that utilizes fossil-fuel undesirable 

[1-5]. These have become major global concerns, 

which have necessitated the economic evaluation of the 

fossil-fuel usage, availability, and the way to curb the 

undesirable environmental impacts [6-8]. There is need 

for a transition and decommissioning of the central 

conventional fossil-fuel-based power stations that uses 

electromechanical synchronous generators to 

decentralized power generation with high share of 

renewable energy sources that is based on low-

emission to meet the various techno-economic, 

environmental and secure energy requirements.  

Renewable energy sources (RESs) are those 

sources of energy generation that replenish themselves 

over a short-period of time and do not dwindling. These 

sources include; wind, solar, biomass, geothermal, 

hydropower energies, etc. and are often regarded as the 

alternative sources of energy [9-11]. The most 

promising among the RESs are the hydroelectric power 

(HEP), wind energy and solar PV technology with 

large deployment as a result of their huge potential and 

abundance across the nations of the world [12-15]. 

RESs are the primary, environmental-friendly, widely 

distributed, and inexhaustible green energy resources 

[16]. In the near future, the total energy generation 

from these RESs is projected to grow exponentially 

across the globe, because the technology provides an 

excellent platform for mitigation and decarbonization 

of global emission and reduction of global warming 

through a large deployment of RESs and phase-out of 
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the traditional energy sources [16-18]. An improved 

RESs technology that can harness these sources for a 

distributed or decentralized generation will solve some 

lingering issues involving power instability and 

insecurity [19, 20].  

More recently, Distributed Generation (DG) has 

become a research hotspot for modern power system 

engineers, since its integration with existing utility 

provides enormous advantages such as; energy 

efficiency, promotion of massive use of locally 

accessible RESs, voltage support, deferment of 

transmission and distribution upgrade, improvement of 

power quality, relieve network congestion, reduction in 

environmental impact, smarter distribution system etc. 

DG technologies can broadly be classified into two 

categories: non-renewable and renewable energy 

resources [21, 22]. The former consist of reciprocating 

and internal combustion engines, gas-turbines, micro-

turbines, fuel cells, and micro-Combined Heat and 

Power (CHP) plants, while the latter includes; small 

hydro, wind, biomass, solar photovoltaic (PV), ocean-

based power plants etc. [23, 24]. These inverter-based 

DGs technology is devoid of rotating part for the inertia 

response, but can contribute frequency support through 

addition of synthetic inertia via the power electronics 

inverters, while the synchronous generator (SG) 

provides frequency support during network disturbance 

through its rotating mass (source of inertia) [25, 26]. 

Implementation of a single DG or improper DG units 

installation in a distributed system can result in 

negative impacts that can lead to several problems as it 

may solve [27, 28]. The most efficient way of utilizing 

the emerging potential, diversity and salient prospects 

of a DG is to view the generation and associated loads 

as a small clusters, microsources or microgrids [1, 27, 

29].  

Microgrids (MGs) are integrated energy systems 

consisting of interconnected domestic loads and 

distributed energy resources such as; fuel-cells, small 

hydro-turbines, solar PV and wind turbines, storage 

systems, like; flywheels, battery energy storage and 

capacitors, and controllable and uncontrollable loads 

which can be operated in parallel with the grid (grid-

connected mode) or in an intentional islanded-

autonomous mode [30]. MGs are classified into ac 

MGs and dc MGs, the dc MGs offer huge benefits of 

power quality, reliability, low cost, simple control 

mechanism and high efficiency when compared to the 

ac MGs [31]. These small grids (MGs) are expected to 

offer black-start operation, active and reactive power 

flow control, frequency and voltage stability, 

management of storage energy and active power filter 

capabilities [32]. MGs functionality is similar to the 

main grid, it uses the following three main control 

levels hierarchy: primary control level (voltage and 

frequency stability maintenance), secondary control 

level (ensure voltage and frequency deviations 

compensation), and tertiary control level (manage 

power exchange between the MGs and the utility grid) 

[32, 33]. Moreover, for a better reliability and superior 

performance of MGs operation, they are best operated 

as a networked (multiple) known as networked 

microgrid (NMGs). A networked microgrids is an 

energy control coordinated management process of 

interconnecting multiple MGs in a spatial proximity to 

provide a reliable, resilient, efficient and cross-border 

energy exchange between different areas [34-36]. The 

most important interface through which MGs are 

customarily connected to the electric power grid is via 

actively-controlled power electronics inverters 

(converters) at the point of common coupling (PCC) to 

provide fast switch, high efficiency and full 

controllability.  

The RESs cannot deliver the electricity needed 

directly at a nominal voltage magnitude and frequency 

and therefore requires inverters to convert and also act 

as an interface between the microgrids and the 

energized grid. Conventionally, traditional power 

inverter only extracts/draws maximum power from its 

sources and delivers it to the grid or end-users. 

However, in this modern day grid with massive 

penetration of RESs in the bulk power system on the 

pathway towards achieving a climate sustainability and 

deep decarbonization trends, inverter-based power 

system (IBPS) are anticipated to perform more roles 

(such as control of voltage, frequency and power, self-

healing, service restoration, autonomous operation etc.) 

in order to ensure a robust RESs to grid interface, 

which will enhance system reliability, security, and 

sustainability [35, 37-40]. These applications have 

increased the use of power electronics devices on the 

network (grid) with corresponding reduction in the 

number of synchronous generators (SGs). Based upon 

the way inverters functions, it can be categorized into 

three groups: (i) grid-feeding, (ii) grid-supporting, and 

(iii) grid-forming [41-44]. Grid-feeding (GFI) is a 

traditional inverter that exploits or draws maximum 

energy from the DG unit to the loads or grid [45-47]. 

Grid-supporting extracts maximum energy from DGs 

and also provides other ancillary services such as 

transient support to the grid during instability of 

frequency, reactive power support during voltage sag 

and harmonic compensation. Grid-forming (GFM) 

inverter functions by forming a self-governed grid with 

stable voltage and frequency [48]. Since GFM 

maintains stable voltage and frequency, the grid-

forming inverters can operate as a standalone/islanded 

and grid-connected modes [49]. This inverter 

technology (GFM) is an innovative and evolving 

concept with a large deployment of inverter-interfaced 

generation and application of RESs.  
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The continuous progression and rising demand for 

RESs power generation (exceeding 65% of non-

synchronous generation sources), harm the overall grid 

dynamics and subject the network to frequency 

instability, harmonic resonance and decrease the 

amount of rotational inertia in the grid [50-54].  These 

contrasting dynamical behaviour that massive 

penetration of renewable power generation introduced 

into the grid, have beaconed for more sophisticated, 

robust and promising grid-control mechanism 

(schemes) that can enhance the efficiency of grid-tied 

power converter to behave identically to the 

output/response of electromechanical synchronous 

machines with capability of maintaining system 

stability that is utmost importance. Several state-of-the-

art GFM topologies have been extensively researched 

for the control and regulation of GFM inverter output. 

These control schemes are mostly based on the concept 

of Virtual synchronous machine (VSM), Power 

synchronization control (PSC), and Direct power 

control (DPC). Recently, the inertia-based emulated 

control techniques for grid-forming inverter have gain 

world-reaching recognition in the effective capability to 

enhance frequency response in a weak and low-inertia 

grids [55, 56]. 

This paper reviews state-of-the-art grid-forming 

inverter and various GFM control schemes. In Section 

2, the power converters, grid-feeding, grid-supporting 

and grid forming are presented. Control mechanism of 

grid-forming is attained in Section 3. Section 4 

explained the benefits and challenges of grid-forming 

inverters. In Section 5, the future trend in grid forming 

is discussed. Finally conclusions are drawn in Section 

6.  

 

2.  POWER ELECTRONICS CONVERTERS  

Power electronic converters is a technology that 

comprises effective and efficient conversion, control 

and conditioning of electric power by statics devices 

from the available input into a desired output and 

efficiency [57]. Power electronics converters are 

mostly compose of semiconductor switches and energy 

storage elements [58]. Recently, power electronics have 

experienced a rapid evolution, which is largely caused 

by two factors. The first factor is the introduction of 

fast switches from semiconductors with ability to 

switch rapidly and handle high power applications. The 

second one is the development of high speed real-time 

computer controllers that can use advanced and 

complex control algorithms [59, 60]. These two factors 

have resulted in the advent and innovation of massive 

variants of cost-effective and grid-friendly converters 

for connecting renewable energy to the grid. The flow 

of energy between two sources is processed by a 

converter, that is, a source called the generator (input 

source) or a load called output source. These two 

sources are; voltage and current sources, which can be 

a generator or a load [61]. Power electronics converter 

can be grouped into four categories according to their 

applications [61]:  

a) AC-DC (rectifiers): It converts AC voltage to 

a stable DC output voltage. 

b) DC-AC (inverters): It is a device that produces 

an AC output of a definite phase (single or 

polyphase), frequency and magnitude from a 

DC source. 

c) DC-DC (choppers): It changes the DC input 

voltage to a higher or lower DC output 

voltage. 

d) AC-AC (cycloconverters): It converts AC 

source and deliver it to an AC load with 

desired voltage/current of different frequency, 

amplitude and phase. 

These categories of converters have a wide-

spectrum of applications in power generation and 

transmission, transportation, industrial, consumer 

products applications etc. Based on the inverters 

control capability and functions, it can be categorized 

into three groups: (i) grid-feeding, (ii) grid-supporting, 

and (iii) grid-forming [41, 42, 62].  

 

2.1 Conventional Inverter/GFI 

GFI controllers are the traditional, most prevalent 

and widespread type of control technique for grid-tied 

RESs (PV and wind) inverters [63]. This inverter 

operates as grid-following (GFL) by “following” or 

“tracking” the voltage angle at the terminal of the grid 

using a phase-locked loops (synchronization unit) in 

order to regulate and match the power output [63-66]. 

PLL is an essential asset in GFI for extracting 

information of the phase angle and voltage magnitude 

at the point of common coupling of a grid-connected 

power generation systems [67-69]. In this inverter 

control technique, PLL is utilized to synchronize 

inverter-based resources to the grid and the output 

current is regulated via a predetermined power to the 

grid [70-72]. The inverter harvests maximum power 

from DG units (irrespective of the voltage magnitude or 

power flow) and supply to an energized grid without 

reducing the harmonic voltage contents [73-75]. This 

grid-connected current-controlled GFI operates by 

maintaining a unity power factor [45, 46]. It usually 

feeds the grid as an ideal sinusoidal current source [45]. 

This current-controlled GFI can efficiently control 

current and operate during grid fault, but cannot 

perform efficiently when in standalone or/with weak 

grid, because the control is fixed on current [76]. 

Moreover, GFI is also not designed with adequate 

(large) BESS to emulate constant supply of committed 

power to the grid during fault, inertia response, fault 
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current behaviour and low switching device in 

comparison to the SGs working principles. 

Consequently, diverse alternative concepts and 

approaches for controlling the operation of GFI inverter 

to imitate the electromechanical behaviours of SGs 

have emerged.  

A current-controlled virtual synchronous machine 

(VSM) for a grid-feeding inverter was presented in [51, 

77], the concept of a VSM control approach is basically 

derived from the replication of behavioural 

characteristics of a SGs. VSM demonstrates the 

tendency for seamless integration of the decentralized 

RESs (wind, PV and fuel cell system) to a weak grids, 

as a result of virtual inertia injection to the power 

system (PS). In [78], a variant form of VSM model of 

algebraic type was presented. Ref. [46], reported a 

simplified virtual synchronous compensator (S-VSC) 

for grid support services. The S-VSC features 

synchronous generator mechanical properties by 

providing current limiter to control overcurrent during 

faults and mimic swing equation of the synchronous 

generator to reduce the risk of loss of synchronization. 

H-infinity method of PI controller for GFI was reported 

in [79], the PI controller was tuned using hinfstruct 

optimization function in order to regulate the active and 

reactive power exchange of the inverter to grid. A 

collaborative voltage unbalance elimination technique 

was adopted for AC MGs with grid-feeding inverter to 

eliminate voltage unbalance at any node of the AC grid 

where sensitive loads are attached [80]. Refs [81, 82], 

developed a novel synchronverter, a controller that uses 

mathematical model to mimic the working principle of 

synchronous generator, with a prime function of 

controlling power (active and reactive), voltage, and 

frequency of the MGs to grid. 

The demand from IBPS is growing rapidly in this 

present era and is beyond only harvesting maximum 

energy from the RESs to the grid, but an inverter that is 

capable of supporting the grid with or without SGs. 

This has made the conventional GFI not to be 

technically feasible in these contemporary and future 

power systems, because inverter will need to lead the 

grid behaviour and not to follow the grid, during 

steady-state and transient conditions. To this end, next-

generation inverter-based infrastructure that can 

operate autonomously, capable of supporting weak grid 

to stronger grid, and provides ancillary support services 

to the grid is indispensable. This has brought a new 

concept of a grid-connected inverter known as grid-

supporting.  

 

2.2 Grid-Supporting Inverter 

Grid-supporting inverter (GSI) draws maximum 

energy form DGs and also offers other grid ancillary 

services such as transient support during instability of 

the grid frequency, reactive compensation during 

voltage dip, harmonic compensation and 

islanding/standalone capabilities [73, 83]. This voltage-

controlled inverter (VCI) is designed based on the 

model or idea of droop behaviour and it is inspired on 

the basis of the working principles of synchronous 

generators (SGs) to solve some of the inadequacies of 

the current-controlled inverters (GFI). The GSI 

provides a direct voltage support to the grid and can be 

operated in standalone and grid-connected modes. This 

inverter has in addition logic such as virtual impedance 

and self-synchronizing concept to ensure current 

transient and magnitude of the voltage are within 

acceptable tolerance [84, 85]. It provides grid stability 

by regulating the voltage level via active power 

curtailment and compensation of reactive power 

regardless of the RESs connected. It performs several 

functions for different grid disturbances and is capable 

of functioning as a static synchronous compensators 

(STATCOM), active filter, and unified power quality 

conditioner [42]. For this inverter to efficiently provide 

the required support to the grid, a robust control 

scheme that can mimic the stability behaviour and 

dynamic performance of electromechanical SGs is 

desirable.  

Recently, there have been rapid interests in 

developing an inverter control techniques with high 

performance for secure grid-support inverter 

integration. Virtual synchronous machine (VSM) was 

developed to emulate synchronous machine in [86], the  

distribution power controller (VSM) was implemented 

for a smooth changeover between grid-connected or 

standalone converters. In this case, VSM monitors and 

controls the controllable units as well as providing 

ancillary services such as load voltage compensation, 

reactive power compensation, and supports the 

frequency regulation of the system. In-depth studies on 

several models of VSM for GSI control have been 

extensively researched with diverse nomenclatures and 

various practical implementations in [74, 87, 88]. Ref. 

[84], presented an enhanced virtual synchronous 

machine (eVSM) with physical existing of inertia using 

dc-link element for inertia response rather than 

depending on dedicated battery storage. The developed 

control model has a similar performance of 

synchronous machine with ability to improve transient 

and stability of a weak grid. Author [42], reported a 

review that provided details opportunities and 

challenges of grid-connected inverter, utility-scaled 

BESS, and vehicle-to-grid (V2G) technology. Various 

architectures, topologies and technology for BESS and 

V2G interface to the distribution level were 

highlighted. Utility-scaled BESS implementations at 

different distribution levels for grid-supporting 

functions were also tabulated. A novel voltage control 

algorithm, Jacobi-Proximal Alternating Direction 

Method of Multipliers (JP-ADMM) was presented in 
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[89], for grid-support PV inverter. The algorithm was 

applied to locally optimize the reactive power 

compensation and active power curtailment of each 

participating inverter in the voltage control. Author 

[90], proposed grid-supporting inverter that offers 

multiple grid support services such as harmonic 

compensation, negative sequence and power exchange. 

A dynamic grid-support in a low voltage grid was 

investigated in [91], different requirements for a 

dynamic grid support in medium and high voltage grids 

were discussed. Parameters for under voltage 

protection and the inverter reactive current controller 

were suggested. 

It is envisioned that the RESs share is estimated to 

reach a nearly 100% of non-synchronous generation 

[92], in order to achieve this ambitious goals, advanced 

control functionality that can provide stable frequency 

and voltage at PCC  in resemblance to SGS output 

pattern is desirable. To this end, grid-forming inverter 

technology is the ideal for these functionalities. 

 

2.3 Grid-Forming Inverter 

The paradigm shift from the conventional power 

generation with synchronous generators (SGs) to the 

inverter-dominated DGs/RESs, has come with 

challenges of low inertia and damping effect on the 

dynamic stability performance of the grid. The 

aforementioned issues is also accompanied by voltage 

rise as a result of reverse power from PV source, power 

fluctuations as a consequence of the intermittent nature 

of RESs, disproportionate amount of power supply due 

to full generation of participating DGs, and degradation 

of frequency stability, thereby raising the level of rate-

of-change-of-frequency (RoCoF) particularly in a 

stand-alone MGs [93-96]. The power generated from 

RESs is variable, intermittent, stochastic, non-

dispatchable and cannot provide the grid with the 

necessary ancillary support services required [97, 98]. 

Therefore, in order to explore maximally the emerging 

potential and salient prospects of RESs into the main 

grid, a robust technology that will improve the 

behavioural output pattern and dynamic response of the 

RESs is quintessential. The essential asset through 

which RESs are interface to the grid at the PCC is via 

power electronic converters [63, 99, 100]. The 

conventional power electronic converters (RESs-to-grid 

connector) have proved not to provide adequate in-built 

system synchronization inertia response and suitable 

high short-circuit current to the grid. This future 

sustainable energy system can be a viable and feasible 

solution that will cause a paradigm shift from the 

conventional generators (SGs) to RESs.  

Far-reaching innovative techniques and methods 

are on the pathway towards developing an efficient 

control and operation of grid-connected inverters to 

imitate the kinetic energy and the self-synchronization 

characteristic of SGs at controlling voltage, blackstart, 

load-sharing, and frequency during normal and fault 

conditions. A GFM unit can work autonomously of 

grid strength and can also be grid-connected (self-

synchronizing capabilities) to an energize ac grid [101]. 

GFM inverters do not require PLL for successful grid 

interface, because it shares comparable fundamental 

principle with SGs, by regulating the voltage 

amplitudes and frequency to ensure self-

synchronization, grid stability and better dynamic 

performances [38, 102]. The followings are the 

potential functionalities expected from a grid-forming 

inverter: (i) ability to work under normal (small signal) 

condition; (ii) work autonomously after isolation from 

main grid; (iii) capability of working under transient 

conditions; (iv) provision of black start services 

(having a sufficient energy buffer) to initiate system 

restoration after a blackout. It is also imperative for 

GFM controller to effectively and swiftly limit the 

output current of the inverter during grid faults 

condition to protect all the power electronics 

components [103-106].  

 

2.3. Recent developments in GFM 

This section presents reviews of previous studies 

on grid-forming inverter control schemes. The 

cornerstone is to review recent developments and 

establishes future research areas for improving the 

existing techniques. Singh, Lopes [107] presented a 

grid control scheme for grid-forming inverter using 

per-phase 𝑑𝑞 control scheme (cascaded inner current 

and outer voltage loops) with fictive axis emulation 

(FAE) for regulating voltage and frequency under a 

highly unbalanced hybrid mini-grid. Battery energy 

storage system as a vital asset for enabling diesel-less 

operation of diesel-hybrid mini-grids with massive 

RESs penetration was established. The proposed model 

was evaluated on a number of conditions such as 

unbalanced resistive loads, motor loads, non-linear 

loads and with high penetration of single phase RESs to 

evaluate the effectiveness of the proposed control 

scheme. The battery management system was 

employed which focused on state-of-charge of the 

battery and synchronization to the diesel engine 

generator for the BESSs interface control. In Miveh, 

Rahmat [108], an advanced multi-loop control 

technique for a three-phase, four-leg voltage source 

inverter operating under unbalanced loads in a 

standalone distribution system was presented. The 

control method consists of nested-loop proportional-

integral (PI) voltage controller loop and a proportional 

current loop. The instantaneous output voltage was 

regulated and pulse width modulation voltage of the 

inverter was generated using the voltage controller and 

current loop respectively. The proposed controller was 

able to balance the inverter output voltage under ultra-
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unbalanced loading conditions. Due to the weakness of 

PI controller at increasing the proportional gain to high 

level in order to eliminate the steady-state error, a 

voltage decoupling feedforward path was used to 

improve the PI inner loop performance. The fine-tuned 

PI with voltage decoupling feedforward path was 

compared with conventional PI, the former out-

performed the latter in the system stability during the 

unbalanced loads analysis.  

Li, Zang [109] reported a nested-loop control 

approach for an autonomous grid-forming inverter 

containing an LC output filter and loads devoid of 

passive and active damping mechanism. The control 

technique comprises of a sliding mode control (SMC) 

in the inner current loop and a mixed H2/H∞ optimal 

control in the outer voltage loop. The inner and outer 

loops offers the advantages like constant switching 

frequency, low-total harmonic distortion and robustness 

against variations of parameters, external disturbances 

and fast transient response. The proposed model was 

compared with the traditional PI-based nested-loop 

control techniques in terms of transient stability 

response. A microgrid control technique based on a 

GFM inverter operating as a virtual synchronous 

generator in combination with supercapacitor (SC)-

based energy storage system for dynamic response 

stability was conducted by Serban and Ion [110]. The 

GFM inverter was designed to respond only in 

transitory regimes, the steady-state load was shared 

among the participating MG-support inverter, so that 

the GFM VSG can preserve its full power reserve 

capacity for dynamic stability response. Frequency 

control response was evaluated based on four scenarios 

associated with load dynamic, GFM frequency 

response, and different operational conditions 

(malfunctioning) of one of the GFM inverters. The 

proposed control scheme along with a higher 

overloading capacity during transitory regimes was 

recommended for future studies. 

Arghir, Jouini [111] considered a grid-forming 

control strategy of power system centred on 

synchronous machine model that dwell on the main 

features of SGs in a low inertia power system. In order 

to match the dynamic of SGs, a feedback was enabled 

between the critical coupling DC-side voltage and its 

counterpart AC-side frequency while preserving the 

passivity properties of the inverter. The converter was 

augmented by virtual oscillator whose frequency is 

driven by DC side voltage measurement and which 

regulates the inverter PWM signal, thus enabling the 

converter to behave identical to the SGs dynamics. The 

model enhances incremental droop, passivity and 

power-sharing properties that are compatible with the 

operational requirements of the conventional grid. The 

viability of the model was tested based on two 

scenarios; voltage and frequency regulation with single 

converter and voltage and frequency regulation with 

multi-converters scenario. The control scheme yields a 

favourable transient response to the disturbances that 

the system was subjected to, but a trade-off between the 

power load and AC voltage amplitude was identified. 

In Markovic, Stanojev [112], a partial grid-forming 

concept for 100% inverter-based transmission systems 

was investigated. A type-2 phase locked loop in a SRF 

was applied for the synchronization unit in order to 

provide a suitable frequency reference to the outer 

control loop which is based on 𝑑𝑞 transformation. The 

concept of this partial grid-forming was brought forth 

to show that a power system with zero rotational inertia 

can operate without a dedicated GFM voltage source 

converter unit. The partial grid-forming was achieved 

using the combination of the four converter operation 

modes (GFM, frequency-forming, voltage-forming and 

GFI) distributed across different VSC units. The 

voltage magnitude and frequency are independently 

formed by the individual participating VSC at different 

locations in the grid.  

Qoria, Li [113] proposed a direct AC voltage 

control based on state-feedback control to enhance 

power inverter bandwidth for fast and smooth RESs to 

high voltage grid integration. The paper presents a 

technique to protect the power converter against the 

extreme events of short-circuits and overcurrent that 

can occur as a result of phase shift and sudden increase 

in network loads. A linear quadratic regulator was 

utilized for the control of the inverter gains. The 

unrestricted nature of the direct AC voltage control to 

the inverter current was solved by adding threshold 

virtual impedance to the state-feedback control in order 

to protect the inverter against overcurrent. In Yu, Awal 

[114], a passivity-oriented discreet-time voltage 

controller for reference tracking performance, load-

rejection capability and passive output impedance 

under a weak condition for grid-forming was presented. 

To offer more degrees of freedom in terms of gains 

control, the complex vector methods were adopted for 

the modelling and control of the GFM. Discreet-time 

complex variable resonant controller (DCVRC) was 

implemented to remove the steady-state error under 

𝛼𝛽-frame in order to enhance the passivity of the 

output impedance.  

In Yazdani, Ferdowsi [101], a photovoltaic 

synchronous generator (PVSG) hierarchical control 

technique based on modified virtual synchronous 

machines for high penetration PV-based inverter was 

investigated. In the study, PVSG as a grid-forming 

inverter was designed to emulate SGs mechanical 

properties by injecting inertia to the system to 

counteract the frequency deviation during unbalance 

conditions. The internal voltage controller with 

nonlinear current control loop adjusts the PCC voltage 

and limits the network current during an unbalanced 
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condition. The proposed model performance was 

verified during islanded mode operation, islanded and 

unbalanced-grid connected mode, unbalanced grid-

connected mode, and islanded and unbalanced grid-

connected and irradiation variation mode. The model 

was also compared with conventional synchronverter 

equipped with current-limiting loop, PVSG 

outperforms synchronverter in the PCC overcurrent and 

voltage regulation. The application of a coherency-

based aggregation technique for a large-scale power 

systems analysis of a grid-forming, droop-controlled 

inverter was presented in Hart, Lasseter [115]. The 

work used a generalized eigenvalue perturbation (GEP) 

algorithm for coherency identification in the GFM 

droop-controlled inverter. The GEP algorithm was also 

used to construct a reduced-order dynamic model that 

mimics the dynamic response of the outcome of the 

network during large disturbances. Huang, Wang 

[116] proposed a decentralized control strategy for 

multiple three-phase parallel GFM DG units in a 

standalone microgrid. Fixed system frequency that is 

independent of large or rapid load variation was 

imposed on grid-forming DG units for the MGs 

stability. Filtered tracking error was developed based 

on the reformulated system model; it helps to 

manoeuvre the output bus voltage components in 

stationary reference frame to track their desired 

trajectory voltage parameters through their control 

laws. The technique was used to tune the controller in 

order to achieve superior PCC voltage regulation and 

power sharing performance among the participating 

DGs. Voltage control and power sharing at the point of 

common coupling were evaluated using Lyapunov 

method. The proposed model and conventional droop-

based hierarchical control methods were compared. 

A novel controller based on linear quadratic 

regulator (LQR) for a three-phase two-level GFM 

inverter for the regulation of voltage and system 

stability was presented by Oue, Sano [117]. The study 

used LQR comprising of a state-feedback and an 

integral compensator replacing the commonly used 

conventional cascaded voltage and current loop 

controllers. The integral compensators are capable of 

controlling the voltage across capacitor without steady-

state error in the synchronous rotating frame (SRF). 

Impedance-method and eigenvalue analyses were 

utilized in the dq reference frame to analyse the grid-

forming inverter stability performance with both the 

LQR and the cascaded PI controller. The results 

revealed that LQR has more stability margins and 

potential to be used in GFM inverter than the cascaded 

PI controller. When the proposed model was compared 

with cascaded PI control, LQR shows faster voltage 

response with lower steady-state error and a very small 

transient coupling effect between the active and 

reactive powers. The proposed LQR based controller 

and the cascade PI controller were compared in terms 

of their stability performance during disturbances. In 

Watson, Ojo [118], the stability of power system with 

GFM converters in a  common reference frame by 

applying passivity-based techniques was examined. In 

this work, frequency droop, angle droop, current loop 

gain and matching control passivity properties were 

highlighted and the way to improve their stability 

performances in a network. This control technique 

provides a decentralized condition which when 

satisfied at all the buses, the stability of the 

interconnected power grid is guaranteed. The GFM 

passivity properties were improved by merging the 

concept of virtual resistance with angle droop to form a 

controller.  Quan, Yu [119] proposed a Photovoltaic 

Synchronous Generator to effectively transform an 

existing PV system from a grid-following to grid-

forming. The PVSG transformation technique was 

achieved by AC couple supercapacitor-based energy 

storage system (SB-ESS). The novelty control scheme 

of PVSG was implemented on the SB-ESS side which 

includes a fast and slow instantaneous power control. 

The fast-instantaneous power flow control is fulfilled 

by the DC-link voltage control and AC voltage control. 

The DC-link voltage control and AC voltage control 

provide the fast power response function of the propose 

model. The df/dt-based power control was utilized to 

resists grid frequency deviation.  

Khefifi, Houari [120] presented a control scheme 

for an isolated GFM inverter based on a robust 

interconnection and damping assignment passivity-

based controller (IDA-PBC) with an addition of 

integral  action to robustly step-down the undesired 

disturbances and uncertainties. The control scheme was 

based on Hamiltonian modelling; here the objective is 

to minimize energy function that promises a stable and 

robust control of the system in a closed-loop. The 

power export to the local loads was managed via an 

inverter and LC filter. IDA-PBC model was compared 

with that of the classical PI controller and conventional 

IDA-PBC under linear, nonlinear, balanced and 

unbalanced loading conditions. Du, et al. [49] 

investigated GFL and GFM inverters on a 3-phase, 

electromechanical model and interconnected them into 

an open source, 3-phase distribution network solver for 

easy dynamic simulation under large-scale unbalanced 

network with high penetration of inverter-based RESs. 

CERT Droop controller was used to control the voltage 

magnitude and frequency of the inverter internal 

voltage, according to the Q-V droop and P-f droop 

controllers. The study compared the traditional grid-

following inverters with high RESs penetration of grid-

forming inverters. In Tayyebi, Anta [121], an hybrid 

angle control (HAC) for grid-forming inverter that 

guarantees almost global closed-loop for transient 

stability performance was proposed. The HAC was 
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developed based on the complementary advantages of 

(dc-matching order and nonlinear angle feedback) 

droop control and dispatchable virtual oscillator 

control. The HAC was implemented on high-fidelity 

nonlinear converter model that was connected to a grid 

through a dynamic inductive line.  

Rosso, Engelken [122] investigated fault-ride 

through (FRT) strategy for overcurrent limitation of 

GFM converters under symmetrical and asymmetrical 

grid faults. The vital parts of this proposed control 

scheme are the inner loop (virtual admittance) that 

allows direct control of the converter currents and the 

outer loop represented by VSM. The FRT approach 

imitates voltage source behind impedance 

characteristics under fault conditions reported in 

Antunes, Silva [123], the FRT gives better quality 

solution in instantaneous injection of reactive current 

without the need for tracking first the grid voltage. 

Qoria, Gruson [124] implemented an hybrid current 

limiting control (HCLC) technique for a transient 

stability of  a grid-forming converter based on the 

droop control. The current limiting controller was 

developed by hybridising the advantages of virtual 

impedance (better quality transient stability) and 

current saturation algorithm (improved current 

limitation) into one single control strategy (HCLC). 

The developed algorithm was simulated on EPMlab 

and validated on a 3-phase bolted fault. The 

performance of the model was analysed based on three 

scenarios; current saturation algorithm (CSA) 

comparison and virtual impedance (VI) comparison, 

impact of CSA and VI on transient stability and HCLC 

for network transient stability. The effect of 

incorporating phase-locked loop in a grid-forming 

controlled inverter was presented in Rokrok, Qoria 

[125]. The control scheme composes of three control 

levels; Level A composes of active power control, 

Level B as inertial effect and Level C provides active 

control, inertia effect and frequency support for various 

short-circuit ratios and phase-locked loop response 

times. This control technique was implemented in 

synchronous reference frame (SRF) using park’s 

transformation. Awal, Yu [99] proposed a nonlinear 

grid forming inverter using virtual oscillator control 

(VOC) for harmonic current mitigation during 

harmonic distortion in the grid-side voltage. Virtual 

oscillator control is a time-domain control that can 

ensure almost global asymptotic synchronization. The 

harmonic current rejection was achieved by using the 

converter-side current feedback and inductive virtual 

impedance based on selective harmonic suppression 

method to emulate the system required harmonic 

frequencies. Grid-side current feedback offers a better 

quality performance with minimal non-passive regions 

around the resonant frequencies. VOC control methods 

enable simpler implementation and high harmonic 

current suppression power than other GFM control 

methods.  

The ancillary services that is expected from a grid-

connected inverters includes: load voltage 

compensation, reactive power compensation, voltage 

and frequency compensation, harmonic compensation, 

voltage-based power quality problem mitigation, and 

current based power quality problem mitigation.   

 

3. GFM CONTROL MECHANISM 

Nowadays, urbanization and industrialization 

development have increased the demand for secure 

electrical energy, and as a result of these, it has 

received extensive attention among power engineers on 

the overall power system quality, stability and security. 

DGs technology is devoid of rotating part for the inertia 

response, but can contribute frequency support by the 

addition of virtual inertia through power electronics 

inverters, while the synchronous generator (SG) 

provides the frequency support during network 

disturbance through its rotating mass [25, 26]. DG units 

which are electronically regulated and interfaced with 

the grid cannot provide the needed network inertia and 

damping to the stability of the power system. These 

have beaconed for a more sophisticated and robust 

control technique of the grid-connected inverter and 

efficient control of the inverter switching pattern, so 

that the output/response will be identical to the output 

pattern of SGs [25]. Some of the developed grid-tied 

power converter control schemes are based on the 

concepts of Virtual synchronous machine (VSM), 

Power synchronization control (PSC), and Direct 

power control (DPC). In Fig. 5, the grid-forming 

control scheme is presented. The commonly used grid-

connected inverter control schemes is the inertia-based 

emulated control techniques, because of its ability to 

effectively enhance frequency response in a weak and 

low-inertia grids [55, 56, 126, 127]. 

 

3.1 Virtual Synchronous Machine(Generator) 

The fundamental idea of VSM control technique is 

basically derived from the emulation of inertia strategy, 

steady-state behaviour and the mechanical 

characteristics of a real synchronous generator [25, 74, 

128]. It comprises of control algorithms, RESs, battery 

energy storage system (BESS), and power electronics 

converter that reproduce the dynamic inertia properties 

identical to a conventional synchronous generators 

[129-131].  It is usually connected between DG units 

and the upstream grid as shown in Fig. 1. The control 

technique is a cornerstone of obtaining and realizing 

virtual inertial from inverted based sources [132]. In-

depth studies have shown that VSM implementations 

and applications is based on emulating the swing 

equation of a traditional SGs which is equivalent to the 

power-frequency droop controllers normally used in 
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most MGs [133-137]. VSM uses standard cascaded 

voltage–current control in the synchronous rotating 𝑑𝑞 

reference frame for voltage regulation and over-current 

limitation [8, 138]. The three major functions 

performed by VSM are: frequency control, oscillation 

damping, and voltage control. It also adds virtual 

inertia to the distributed electricity generators to 

stabilize frequency during disturbances [139-141]. The 

virtual inertia injection is an essential aspect of the 

VSM that allows a seamless interface with upstream 

grid as well as autonomous/standalone operation, and 

also ensures power sharing among the participating 

DGs [142, 143]. The virtual inertia is created by VSM 

from the bank of BESS during a short operation time 

by means of an advance control system [144]. As the 

future power system begins its slow evolution, several 

Authors [19, 144-147], have suggested VSM grid 

interface converters as the future power system grid-

tied connector for high efficient RESs penetration.  

Over the recent years, VSM has evolved with 

diverse innovative approaches and dynamics control as 

reported in [51, 74, 78, 148-152], which makes the 

grid-connected inverter to imitate the operating 

characteristics of SGs, in order to explore the 

advantages of the SGs in the enhancement of system 

stability. There are current-controlled (current source) 

VSM and voltage-controlled (voltage source) VSM, in 

current-controlled VSM, provision of necessary voltage 

and frequency support to the system is quite 

challenging. This deficiency is overcome by a voltage-

source VSM. The voltage-controlled VSM technique 

enables easy simulation of synthetic rotor inertia and 

system frequency modulation behaviour of SGs for the 

system frequency and voltage controls [153-155]. A 

number of VSM topologies have been proposed by 

different authors, some topologies use mathematical 

equations to fully mimic SGs behaviour while others 

use swing equation to imitate the asymmetrical 

performance of the SGs. A swing equation based VSM 

inertia response control was proposed in [156-158] to 

provide synthetic inertia to the upstream grid. Among 

the well-known existing VSM topologies are; 

Synchronverters topology [159-162], ISE laboratory 

developed topology [87, 163, 164], Kawasaki Heavy 

Industries (KHI) topology [78], Virtual synchronous 

machine (VISMA) and Institute of electrical power 

engineering (IEPE) topology [165-167].  Table 1 

provides a summary of previous control schemes of 

grid-connected inverters reviews. 

VSM-based control method has been widely used 

in different studies such as in the grid stability and 

dynamic control of wind-turbine [168-171], high 

voltage direct current (HVDC) transmission systems 

[172-174], grid-side integration of photovoltaic plant 

[175-179] etc. 

 
Fig. 1. Virtual Synchronous Machine structure and 

concept  

 

3.1.1. Modelling of virtual synchronous machine 

(Generator) 

VSM/VSG consists of control algorithms, RESs, 

battery energy storage system, and power electronics 

converter that reproduce the dynamic inertia properties 

of traditional SGs. A three-phase voltage-source 

converter with a VSM-based control strategy is the 

fundamental part of the virtual synchronous machine. 

VSM is coupled to the grid at a PCC with a static 

switch, marked 𝑆 as depicted in Fig 2. The output side 

of the inverter is attached to LCL filter to remove the 

harmonics contents from RESs before injecting it to the 

utility grid. The DC source (battery energy storage 

system) is connected to the DC side of the voltage 

source converter via a DC bus. The VSM controller 

measures the phase angle and voltage magnitude at the 

PCC as a feedback (reference voltage to VSC) and 

generates equivalent switching pulses. The swing-

equation of a synchronous machine is mathematical 

modelled in Eq. (1): 

 

𝐽
𝑑𝜔

𝑑𝑡
= 𝜏𝑚 − 𝜏𝑒                                                               (1) 

      

Where 𝐽, 𝜏𝑚, 𝜏𝑒, and 𝜔 are the rotor inertia, mechanical 

power, electrical power, and the angular frequency 

respectively. To appropriately express the swing-

equation in terms of power, equation (1) is multiplied 

by 𝜔 and the power balance equation is formulated as 

expressed in (2):  

 

𝐽𝜔
𝑑𝜔

𝑑𝑡
= 𝑃𝑚 − 𝑃𝑒                                                               (2) 

 

       Where 𝑃𝑚 and 𝑃𝑒 are the mechanical and electrical 

power, respectively, the angular momentum of the SG 

is denoted by 𝐽𝜔. At synchronous speed, 𝐽𝜔 can be 

taken as a constant and is referred to as inertia constant 

and it is represented by 𝑇𝑎. Swing-equation can be 
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rewritten as in (3), after taken into consideration the 

damping effect of the SG resulting from friction. 

 

𝑇𝑎
𝑑𝜔

𝑑𝑡
= 𝑃𝑚 − 𝑃𝑒 − 𝐾𝑑(𝑤 − 𝑤𝑠)                                 (3) 

 

      Where, 𝐾𝑑 and 𝑤𝑠 are the damping coefficient and 

synchronous frequency of the generator, respectively. 

The damping effects produced as a result of friction 

help in damping the oscillations generated owing to 

sudden power imbalances. Detailed modelling and 

mathematical equations of  the power–frequency droop 

behaviour of the governor is presented in [55]. The 

block diagram of VSM implementation in a utility 

power grid is depicted by Fig. 2. 

 

 
Fig. 2. Block diagram VSM implementation in power 

grid [55].  

 

3.2.  Power Synchronization Control 

Another control technique to realize efficient RESs 

(grid-forming) to energize ac grid interface is through 

the power synchronization control (PSC). The PSC 

grid-forming control technique synchronizes voltage 

source converters with ac energize grid via an active-

power synchronization loop instead of using PLL with 

unstable performance especially in a weak grid or 

during faults [180]. The PSC control concept is 

developed from emulation of conventional synchronous 

generators (i.e the power-angle control) principle, 

which is viewed as combination of voltage-angle and 

vector-current controls with the elimination of phase-

locked loop. PSC gives a weak ac grid strong voltage 

support through synchronization mechanism of the 

swing equation and effective damping capability of 

GFM inverter terminal [181-183]. PSC is not only 

limited to SGs behaviour emulation, but it can also 

improves the inverter output responses as a result of the 

tunable damping coefficient of the active-power loop 

which is a second order system [184]. In more recent 

time, PSC voltage source converters have gained 

considerable attention for tackling stability challenges 

[185], there have been in-depth studies on small-signal 

stability of the PSC grid-connected VSC using 

Jacobian transfer matrix or impedance matrix [180, 

186, 187], and transient stability of PSC voltage source 

converters [188, 189]. PSC control techniques has been 

widely implemented in diverse applications such as 

high voltage direct current (HVDC) transmission 

systems [190-192], grid-side interface of photovoltaic 

[183, 193], and wind turbine grid-connected inverter 

[192]. 

PSC has demonstrated better response with ultra-

weak ac grid stabilization and robust small-signal 

dynamic [181, 194]. The overview control of PSC is 

shown in Fig. 3. The phase angle controlled the active 

power and the alternating voltage, while the magnitude 

of the voltage source converter is controlled by the 

multivariable controller [183]. In PSC, a single 

integration of the power difference is used to obtain the 

phase angle directly using PSC loop, instead of the 

double integration for 𝑝 − 𝜃 transfer function in VSM, 

this makes PSC to be more robust with higher stability 

margin for GFM inverter. As a result of the limited 

number of integrator, PSC has a higher stability margin 

even in the presence of a very weak grid [8, 195]. 

Virtual inertia can be added by emulating the swing 

equation of a SG depicted by Eq. (4) and the power 

synchronization control law for voltage source 

converters is obtained using Eq. (5): 

 

𝑃𝑚 − 𝑃𝑒  = 𝐽𝜔0

𝑑∆𝜔

𝑑𝑡
+ 𝐷𝜔0∆𝜔,       

𝑑∆𝜃

𝑑𝑡
=  ∆𝜔      (4) 

𝑑∆𝜃

𝑑𝑡
= 𝑘𝑝(𝑃𝑟𝑒𝑓 − 𝑃)                                                        (5) 

𝑃 = 𝑃𝑟𝑒𝑓 +
1

𝐾𝑝

(𝜔1 − 𝜔𝑔)                                              (6) 

 

Where 𝜔1 is considered as the nominal angular 

synchronous frequency, 𝜔𝑔 =
𝑑∆𝜃

𝑑𝑡
 is local instantaneous 

angular frequency (during faults or disturbances 

𝜔𝑔 may differ from 𝜔1). PSC inherently adds a 

frequency drop, with droop gain(
1

𝐾𝑝
) to the active-

control reference (𝑃𝑟𝑒𝑓), 𝑃 denotes VSC measured 

active power output, ∆𝜃 is the output of the controller 

and the active-power controller gain is denoted by 𝑘𝑝.  

The power transmitted is increased or decreased by 

adjusting the output voltage phasor of the voltage 

source converters forward or backward [185]: 

 

𝑣𝐶
∗ = (𝑉0 + ∆𝑉) − 𝐻𝐻𝑃(𝑠)𝑖𝐶                                        (7) 

𝐻𝐻𝑃(𝑠) =
𝑘𝑣𝑠

𝑠 + 𝛼𝑣

                                                             (8) 

𝑖𝐶
∗ =

1

𝛼𝐿𝑓

[(𝑉0 + ∆𝑉) − 𝑣𝑓 − 𝑗𝜔0𝐿𝑓𝑖𝐶 − 𝐻𝐻𝑃(𝑠)𝑖𝐶]

+ 𝑖𝐶   (9) 

𝑣𝐶
∗ = 𝛼𝐿𝑓(𝑖𝐶

∗ − 𝑖𝐶) + 𝑗𝜔0𝐿𝑓𝑖𝐶 + 𝑣𝑓                          (10) 
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Voltage is regulated by Eq. (7), here AC voltage-

controller (AVC) is utilized which corresponds to the 

exciter of SGs, except for the integral control in 

alternative of the typical PI controller to quash high-

frequency disturbances, as depicted by Fig. 3. High-

pass filter (𝐻𝐻𝑃(𝑠)) is given by Eq. 8, for active 

damping of the GFM frequency resonant poles in the 

current reference-generating block, modelled in Eq. (9). 

The current reference-generated in (9) is used to limit 

overcurrent in the current limitation controller (CLC) 

during faults condition. A standard 𝑑𝑞 current 

controller as given in Eq. (10) is used to tune a set of 

bandwidth of 𝛼 𝑟𝑎𝑑𝑠−1. PSC demonstrates strong and 

excellent performance in an ultra-weak grid.  

 

 
 

Fig.3. Block structure of Power-synchronization 

control [8].  

 

3.3 Direct Power Controller 

Direct power controller (DPC) technique was first 

proposed and implemented on three-phase pulse width 

modulation (PWM) rectifiers based on the change in 

desired power and the angular position of the grid-

voltage [196-199]. The concept of this control 

technique is based on the principles of direct torque 

control approach in electrical machines [200-203]. 

DPC regulates VSC unit during normal operation by 

controlling its internal angle and amplitude. A current 

controller is used in DPC to limit overcurrent during 

fault conditions by shifting its operation to current 

limiting mode. 

In recent decades, DPC has experienced diverse 

improvement and has been transformed to enhance the 

capability and efficiency through the use of advanced 

non-linear controllers [204]. Among these predominant 

non-linear controllers are; space vector modulation 

(SPM) for constant switching frequency, synthetic 

switching pulses, harmonic and voltage dip 

compensations [205-210], model predictive control for 

the multivariable [211-214], fuzzy logic controller 

[215-217], backstepping control [218-220], deadbeat 

controller [221-224], and sliding mode controller for 

robustness [225, 226]. It has been extensively 

researched and applied on two-level inverters [196, 

227], multilevel converters [228-230], control of DFIG-

based wind turbine[231-235] and grid-side interface of 

photovoltaic [236-238]. The major drawback 

confronting the conventional DPC is the variable 

switching frequency resulting from hysteresis 

comparator and can be adequately compensated by the 

aforementioned non-linear controllers. DPC control 

active and reactive power in a grid-connected inverter, 

in the same manner, is adopted on induction machine 

for the control of torque and flux. The controller’s 

instantaneous active and reactive power errors (∆𝑃 and 

∆𝑄) are controlled without any need for ac voltage 

sensor, PLLs or an inner current controller, but by 

means of a look-up table and hysteresis comparators for 

optimal selection of inverter switching state [8]. Fig. 4. 

shows principle of operation of DPC for two-level 

inverters. The comparators output with grid voltage 

angle serves as the input for the optimal switching table 

where one among the six possible inverter voltage 

vectors is chosen without applying zero voltage 

vectors. The inverter switching patterns stays until the 

algorithm calculate the next time step of the inverter 

voltage vector as shown in Fig. 5.  

DPC is implemented for grid-forming inverter 

where voltage reference is given instead of the voltage 

magnitude of the grid, and a virtual phase angle is 

utilized instead of phase-locked loop-generated voltage 

phase angle. The powers (active and reactive) 

proportional to 𝑑-axis and 𝑞-axis components of the 

DPC control inverter output current (𝑖𝑑 , 𝑖𝑞) are 

obtained using equations (11) and (12): 
 

𝑃𝑠 =  𝑣𝑑𝑖𝑑                                                                      (11) 

𝑄𝑠 =  −𝑣𝑑𝑖𝑞                                                                (12) 
 

       The current variation ∆𝑖 ̅ is obtained from the 

system voltage equation (inverter, RL filter and grid) 

expressed as: 

 

𝐿
𝑑̅𝑖

𝑑𝑡
+ 𝑅𝑖̅ = 𝑣̅𝑖𝑛𝑣 − 𝑣̅𝑔                                              (13) 

 

      Where 𝑣̅𝑖𝑛𝑣 ,𝑣̅𝑔 and 𝑣̅𝑖𝑛𝑣 are the inverter voltage-

vector, grid voltage, and switching states (𝑆𝑎, 
𝑆𝑏 , 𝑎𝑛𝑑 𝑆𝑐) of the inverter (23- resulting in eight 

possible application vectors, six active vectors and two 

zero vectors).  

 

∆𝑖̅ ≈
1

𝐿
∫ (𝑣̅𝑖𝑛𝑣(𝑆𝑎, 𝑆𝑏 , 𝑆𝑐) − 𝑣̅𝑔)𝑑𝑡

𝑇𝑠

0

                     (14) 

 

     Where 𝑇𝑠 is the time step of the DPC algorithm. The 

detailed mathematical modelling of DPC VSC grid-

connected control technique is presented in [239]. 

Although DPC control technique is a robust and 
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powerful approach for pulse width modulation rectifier, 

it is confronted with high power ripples and variable 

switching frequency, which needs to be improved for 

more efficiency by using the advanced non-linear 

controllers. Other forms of GFM control schemes are: 

droop-based control (angle and frequency-based) [240-

247], virtual oscillator-based control [248-254], 𝐻∞/𝐻2 

based control [109, 255, 256], and distributed phase-

locked-loop (dPLL) controls [257]. Fig. 6 shows the 

Grid-forming control schemes. 

 

 

Fig. 4. Principle of operation of DPC for two-level inverters [239]. 

  

 

Fig. 5. Two-level inverter voltage vectors [239]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Grid-forming Control Schemes. 

Grid-forming Control Schemes 

- PLL is not require for 

synchronization during 
normal operation  

- Imitate swing equation of 

SGs 
- Provision of inherent 

inertia 

- Fault ride-through for 
large scale system 

 

- PLL is not required for 
normal operation but 

needed as a back-up during 

faults 
- It shifts to current control 

mode during faults 

- Provision of inherent 
inertia response  

- It controls inverter power-

angle 
- Low voltage ride through 

- PLL is not require for 

synchronization during 

normal operation 
- No PWM block or 

controller tuning are 

required 
- It controls voltage and 

angle of an inverter 

- Easy implementation  
- Coordinate transformation 

is not required. 

 

Power Synchronization Control 
Direct Power Control Virtual Synchronous Machine 
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Table 1. Summary of Previous Control Schemes of Grid-connected Inverters Reviews. 
Author Year  Main consideration Implementation Control Mechanism Remarks 

[258] 2022 - Fault ride through capability 

- Transient phase angle response 

Three-phase symmetric 

faults on a grid-connected 

wind turbine 

VSM, PSC and 

Distributed PLLs 

The VSM, PSC and 

Distributed PLLs GFM 

control scheme were 
compared on a 3-phase 

grid-connected wind 

turbine during symmetric 

faults 

[259] 2021 - Elimination of third-order 

harmonic 

- Grid-synchronization 

Simulation on a 3-kW/3-

phase /120V 

Virtual oscillator 

control (VOC) 

The proposed VOC was 

realized by remodelling 
the traditional VOC non-

linear current source cubic 

function.  

[260] 2021 - Adaptive grid-forming 

- Active power filter  

- Total harmonic distortion 

Experimental simulation 
of  grid-connected PV 

system 

Fuzzy gain tuning PI-
derivative (FTPID) 

controller 

FTPID-IFONF control 
scheme was used for GFM 

to produce an equivalent 

pulses for seamless PV to 

grid interface  

[46] 2020 - Ancillary services like reactive 

grid support, virtual inertia and 

current harmonic compensation 

system 

15kVA grid-connected 

inverter 

Simplified virtual 

synchronous 

compensator (S-VSC) 

 

Provision of ancillary 

services such as current 
harmonic compensation, 

reactive grid support and 

virtual inertia injection.  

[261] 2020 - Stabilization of weak grid 

- Lyapunov stability criterion to 

adaptively change cross-coupling 

current 

- Dynamic response of  the 

inverter to weak grid scenarios  

Simulation of 90V rms 3-
phas source for grid and 

240V idea DC source 

from inverter 

Direct Model 
reference adaptive 

control 

DMRAC was used to tune 
the gain cross-coupling 

current when the inverter 

is operating non-unit 

power factor  

[121] 2020 - Current limiting control 

- Power system stability 

- Nonlinear damping assignment  

PV simulation Hybrid angle control 

(HAC) 

The HAC was developed 
based on the 

complementary advantages 

of droop control and 
dispatchable virtual 

oscillator control 

[99] 2020 - Harmonic current suppression 

- Impedance shaping 

- Small signal model 

 

Laboratory inverter 

prototype 

Virtual oscillator 

control (VOC) 

VOC is a time-domain 
controller that allows VSC 

to imitate the dynamic of 

limit-layer oscillators  

[262] 2020 - Voltage/current dq-frame cross 

decoupling  

- Frequency domain spectrum 

- Power system stability 

Simulation and hardware 

experiments 

Virtual impedance  The proposed tools 

visualize control loops of 
power converts and thereof 

provide intuitive 

impedance modelling 

framework 

[55] 2019 - Frequency stability 

- Rate of change of frequency  

- Battery life management 

Kundur two-area system Swing equation-based 

VSM 

VSM is used to reduce 

ROCOF 

[114] 2019 - Reference tracking performance  

- Load-rejection capability 

- Passive output performance 

Simulated on 3-phase, 

three wire inverter with 
nonlinear load and also 

validated with hardware-

in-the-loop (HIL) 

Passivity-oriented 

discreet-time voltage 

controller  

Discreet-time complex 

variable resonant 
controller (DCVRC) was 

implemented to remove 

steady-state errors 
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[101] 2019 - System stability 

- Current limiting capability 

- Power sharing ability of GFM 

- Unbalanced grid condition 

Experimental simulation 

of PV to grid-connected 

and HIL 

Photovoltaic 

synchronous generator 

(PVSG) 

This grid-forming inverter 

inject inertia to the system 

based on the mechanical 

properties of SGs 

[115] 2019 - Reduced-order modelling  

- Coherency-based aggregation 

- Droop control 

Controller hardware-in-
the loop (C-HiL) testbed 

and a 30-inverter network 

Generalized 
Eigenvalue 

Perturbation (GEP) 

GEP algorithm can 
accurately replicate grid’s 

response in the aftermath 

of large fault condition. 

[116] 2019 - Multi-parallel GFM 

- Islanded microgrid 

- Power sharing 

- Network stability  

NI-PXI-based real-time 

simulation Platform and 

4-parallel connected DG 

Filtered tracking error 

technique 

The technique achieved a 

superior point of common 

coupling voltage 
regulation and power 

sharing performance. 

[119] 2019 - Photovoltaic Synchronous 

Generator (PVSG) 

- Supercapacitor ESS 

- AC system stability 

Experimentally simulated 
on a 480V PVSG 

prototype with 

TMS320F28379D DSP 

controller 

Photovoltaic 
Synchronous 

Generator (PVSG) 

Transformation of existing 
of existing PV system 

from a GFL to GFM 

without additional 
modification to the PV 

inverter 

[120] 2019 - Stand-alone microgrid 

- System stability 

- Uncertainties in RESs 

- PV, wind turbine and ESS 

Experimental test using a 

dSPACE 107 rapid 

prototyping system 

Interconnection and 

damping assignment 
passivity-based 

controller (IDA-PBC) 

IDA-PBC was based on 

Hamiltonian modelling for 
energy function 

minimization that ensures 

a stable and robust control 
of the system in a closed-

loop 

[263] 2018 - VSM controller using Linear-

quadratic regulator 

- Adaptive control 

- Swing equation. 

3-area test system Linear-quadratic 

regulator 

 

LQR adaptively regulates 
inertia and damping 

constants according to the 

disturbance frequency 
while preserving the 

critical frequency limits 

[43] 2018 - Reactive power control for grid-

feeding, grid-support and grid 

forming 

- Harmonic distortion   

- Frequency stability 

Three DG; grid-feeding, 

grid-support and grid 

forming 

  

Differential evolution 

algorithm (DEA) 

The MGs is made up of 

three DG; grid-feeding, 
grid-support and grid 

forming 

[84] 2018 - Transient stability 

- Resiliency enhancement through 

Grid-support  

Two-stage PV system Enhance Virtual 

synchronous machine 

(eVSM)  

This model used physical 

dc-link capacitor dynamics 

for inertia response instead 

of depending on battery 

storage 

[111] 2018 - Incremental passivity 

- Droop control 

- Power-sharing capability 

Numerical case study VSM Additional control loop; 

disturbance-decoupling 

and droop techniques were 
adopted to control the 

inverter voltage and 

frequency amplitude. 

[264] 2017 - Frequency control 

- Dynamic grid support 

IEEE 39-bus with 

embedded hybrid energy 

storage system and PV 

unit 

A novel voltage-

frequency control (v-f) 

Simultaneous primary 

frequency and dynamic 

grip support are achieved  

[117] 2017 - Unbalanced load 

- Synchronous rotating frame 

- Network stability 

Numerical simulation Linear quadratic 

regulator (LQR) 

LQR comprises of a state-

feedback and integral 

compensator replacing the 
traditional cascaded 
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voltage and current loop 

controllers 

[110] 2017 - Frequency control 

- Supercapacitor energy storage 

system 

- Dynamic response stability 

Simulation and 
experimental on a 

laboratory scale MG 

based on 3-parallel 

inverter 

VSG along with 
supercapacitor (SC)-

based energy storage 

system (ESS).   

This VSG control concept 
provides support only in 

transitory regime 

[108] 2016 - Voltage decoupling feedforward 

path 

- Pulse with modulation 

- Voltage feedforward decoupling 

path 

Three-phase four-leg grid-

forming unit 

PI tuned with voltage 

decoupling 

feedforward path 

When compared PI tuned 

with feedforward path with 

conventional PI, the 
former outperforms the 

latter 

[109] 2016 - Damping mechanism 

- Nested loop control 

- Sliding mode control 

The simulation and 

hardware experiments  

The inner current and 

outer voltage 

controllers are the 
Sliding mode control 

(SMC) and a mixed 

H2/H∞ optimal control  

The results demonstrated 

that the proposed model 

performs satisfactorily 
well in terms of transient 

stability over PI-based 

nested-loop control 
scheme 

[265] 2015 - Grid fault scenario  

- Mathematical modelling of 

synchronous generators 

- Hybrid grid and MGs  

Real-time simulation of 

wind-turbine  and back-
to-back converter with 

grid 

Synchronverter 

technology 

Synchronverter mimics a 

synchronous generators by 
using mathematical 

equivalent 

[78] 2013 - Energy management 

- Harmonic reduction 

- MGs grid-connected and  

Islanded mode 

- Voltage stability 

Experimental simulation 

of two-inverter with 
operation in grid-

connected and islanded 

mode 

VSG model of 

Algebraic type 

This inverter controller 

technique controls current 
in d-q coordinate.   

[51] 2007 - Interconnection  of RESs (Wind 

and PV) to weak grid 

- Network stability issues  

Experimental setup 
comprise wind turbine, 

PV integrated with grid 

Virtual synchronous 
machine (VISMA) 

VISMA supports the weak 
grid by behaving similar to 

the electromechanical 

synchronous machine  

  

4. BENEFITS AND CHALLENGES OF GFM 

4.1 Benefits 

In recent years, the benefits of RESs have gained 

considerable attention of academia and the industry, 

because of the environmental and socio-economic 

benefits it offers. The continuous growth of RESs is 

indeed creating a balance between environmental, 

economic and innovative technologies [266-271]. The 

novel GFM approach has come with manifold of 

benefits such as environmental sustainability 

(reducing the greenhouse gas emission), increase in 

fuel diversity (reduce over dependence on oil 

demand), reduction of grid losses, wildlife 

preservation (biodiversity conservation), aesthetics 

impact (offers tourism) and national economic security 

(increase of economic productivity, since 

manufacturing output is elastic to changes in 

electricity supply) [272-274].  

Additionally, GFM offers developmental benefits 

such as rural electrification, seamless RESs to grid 

interface, provision of local job, decrease in cost of 

energy production, development of a considerable 

technological innovation and stability of economy 

[275-281]. It can standalone and/or grid-connected in 

actual power system containing conventional 

synchronous machines to provide a secure electricity. 

Thus, it has been identified that stable and quality 

energy is the exchangeable currency of a cutting-edge 

technology, because without it the whole fabric of 

society and economy will crumble, so the benefits it 

offers cannot be overemphasized.  

 

4.2. Challenges 

The increase in the popularity of IBPS penetration 

close to 100% of non-synchronous generation sources 

adds some technical challenges to the grid. The 

challenges related to massive integration of inverter-

based power system are: 

(i) Rising RoCoF (Rate of Change of Frequency). 

(ii) Loss of synchronising (torque/power and 

reference voltage) during severe faults 

condition. 

(iii) Power system integrity, quality and reliability 

could be compromised. 

(iv) High sensitivity to load imbalances and 

harmonics. 



Majlesi Journal of Electrical Engineering                                                                          Vol. 17, No. 1, March 2023 

 

16 

 

(v) Voltage instability may arise during or post 

fault conditions. 

(vi) Degradation of frequency stability reflects 

change in voltage angle as a result of changes in 

power flow. 

(vii) There is likelihood of sub-synchronous 

oscillations and interference with conventional 

machines and overcurrent protection devices. 

(viii) Challenges in modelling of electricity system 

and RMS. 

(ix) Exhibit limited overloading capability (due to 

the resources intermittency). 

(x) Stability issues in case of a low short circuit 

ratio (SCR). 

 

5. FUTURE TRENDS IN GFM 

With the growing popularity of Inverter Based 

Power Systems such as wind and solar, shows that the 

future power grid will be dominated by power 

electronics converters, thereby reducing the share of 

conventional fossil-fuel-based power generation, and, 

unavoidably decreasing the amount of rotational 

inertia and short-circuit contribution of the system. In 

the event of this occurrence in the system, the grid 

become more vulnerable to large power swing, 

frequency instability, harmonic resonance and raising 

the rate-of-change-of-frequency (RoCoF) level in case 

of grid disturbances. Also, VSC GFM working in a 

voltage control mode is vulnerable during overload 

condition. For this singular reason, the output currents 

of a VSC are usually limited to 125% of its nominal 

value in order to protect power electronic switches of 

the inverter under overload condition. A typical VSC 

generates distorted voltage and current under 

asymmetrical and symmetrical short-circuit faults. 

This behaviour along with other related power quality 

standards such as IEEE standard 1547 and E.ON grid 

Code require disconnection of the VSC when a short-

circuit occurs in the system. This is an undesirable 

characteristic in the VSC-IBPS, which are exposed to 

many asymmetrical short circuit faults. A robust 

converter control scheme to solve this upstream grid 

instability is required.  

     Additional features are also required to the efficient 

GFM performance: 

- reinforce VSC-GFM fault ride-through  

capability and power quality at the Point of 

common coupling 

- black-start capability 

- Power system impedance estimation and 

islanding detection technique 

- management and control of energy storage 

system. 

    These new features will enable a more sustainable, 

intelligence and flexible GFM integration to DG and 

RESs into the future smart grid.  

 

6. CONCLUSION 

     A state-of-the-art review on advance control 

techniques for grid to inverter-based power system 

interface is discussed in this paper. Diverse of 

formulation, criteria and models for grid-forming 

control schemes have been presented. The structural 

and functional differences between grid-feeding, grid-

supporting, and grid-forming are also highlighted. 

Conventional power inverter extracts/draws maximum 

power from its sources and delivers it irrespective of 

the voltage magnitude or power flow to the upstream 

grid. Conversely, in this contemporary grid with 

massive penetration of RESs leading towards a 

climate sustainability and decarbonization, inverter-

based power system are expected to perform more 

ancillary services in order to ensure a robust RESs to 

grid interface. Attaining 100% non-synchronous 

power generation and huge transmission system, 

requires incorporation of new features to the control 

schemes for a more robust and seamless integration of 

GFM into the future smart grid. The traditional 

inverters which are presently controlled in a grid-

following mode cannot offer the needed control in this 

current era. Thus, it is essential to develop the next-

generation inverter-based infrastructure that can 

operate autonomously, capable of grid control from 

weak grid to stronger grid and provides ancillary 

support services to the grid. These have brought a new 

concept of a grid-connected inverter known as grid-

forming. Various in-depth studies on GFM control 

schemes with diverse nomenclatures and practical 

implementation that is based on the concept of virtual 

synchronous machine, power synchronization control, 

and direct power control have been discussed. The 

paper identifies inertia-based emulated control 

techniques as the most widely used GFM control 

method in ultra-weak and low-inertia grids. The 

review covers grid-forming control schemes, benefits 

and challenges of attaining 100% non-synchronous 

power generation. The survey establishes state-of-the-

art in the grid to RESs interface and identified future 

research gaps. 
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NOMENCLATURE 

ADMM Alternating direction method of multipliers  

BESS Battery Energy Storage System  

DFIG Doubly Fed Induction Generator  

DG Distributed Generation 

DPC Direct Power Control  

EVSM Enhanced Virtual Synchronous Machine 

GFI Grid Feeding Inverter 

GFL Grid-Following Inverter 

GFM Grid-Forming Inverter 

GHG Greenhouse Gas   

GSI Grid Supporting Inverter 

HAC Hybrid Angle Control 

HEP Hydroelectric Power 

HVDC High Voltage Direct Current 

IBPS Inverter-Based Power System  

IFONF Improved Fractional Order Notch Filter 

LQR Linear Quadratic Regulator 

MG Microgrid 

MPC Model Predictive Control 

NMG Networked Microgrid 

PBC Passivity-Based Controller 

PCC Point of Common Coupling 

PI Proportional Integral 

PLL Phase Locked Loop 

PSC Power Synchronization Controller  

PV Photovoltaic 

PWM Pulse Width Modulation 

RESs Renewable Energy Sources 

RoCoF Rate of Change of Frequency 

SRF Synchronous Reference Frame 

SVM Space Vector Modulation. 

VCI Voltage-Controlled Inverter 

VOC Virtual Oscillator Control 

VSC Voltage Source Inverter 

VSM Virtual Synchronous Machine 
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