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  ABSTRACT 

 

 

 

 

Power system is undergoing an unpreceded paradigm shift: from centralized to 

distributed generation. Conventionally, the control and regulation of power systems depend 

solely on some large-scale generations. As the renewable-based generations and battery 

storage systems are increasingly displacing conventional generations, it becomes more and 

more difficult to maintain the stability and reliability of the grid by using only conventional 

generation units. There has been growing concerns about the potential instability-driven 

blackouts in power systems dominated by renewable sources. Such concerns have become 

even more pressing after the infamous renewable-related cascading failures in the electrical 

networks of South Australia, Great Britain, and the United State. In addition to the 

considerable financial loss, millions of people were put into darkness. 

One of the main factors contributing to the degradation of grid stability is the rapid 

penetration of renewable energy and storage systems. These new generations interface with 

the grids mainly through power electronics converters or power converters for short.  

Conventionally, power converters are designed to maximize conversion efficiency and 

resource utilization. In fact, tracking maximum power points has been the ultimate objective 

of most PV plants and wind farms. Consequently, power converters only focus on their 

internal operation despite the grid conditions. Actually, power converters may even worsen 

the grid operation during transient events. This design philosophy was preferable in the past 

because the share of renewables in the total generation was considerably low such that their 

impact on the grid was unnoticeable. However, as renewables are currently supplying more 

than half of the total demand in many power networks during certain periods, such a self-

centric operation of power converters are undesirable. 

To remedy such a situation, the grid-forming (GFM) concept has been proposed for 

power converters to replace the conventional control strategies which are often referred to 

as grid-following (GFL) control. The GFM concept aims to redesign the control system of 

the power converter to enforce more grid-friendly behaviours. In addition to the basic 
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functionalities required to deal with electromagnetic issues such as harmonic compensation 

and unbalanced voltage among others, GFM converters also offer grid-supporting 

capabilities such as inertia response, power oscillation damping, and islanding operation to 

name a few. Despite the rich literature on GFM implementations, the actual adaptation of 

GFM control in real-world applications is still rare. The main reasons for such a reluctance 

by the industry are twofold: firstly, incentives for renewable power plants to provide 

services based on such advanced grid-forming functions were at best scarce. In the last 

years, however, several system operators have imposed new requirements and markets for 

grid-supporting services such as fast frequency reserves which require inertial response 

from power converters. Secondly, the current GFM implementation required modification 

to low-level control firmware of power converter in mass scale. This requirement is, in 

many cases, unrealistic due to the hardware control limitations in existing systems, as well 

as the additional testing and certification such modification entails. 

This PhD thesis aims to bridge the research gaps in the control and implementation of 

GFM converter. That is, the thesis focuses on three main aspects: (i) improving internal 

stability of the GFM converter via robust control techniques to ensure the system stability 

for a wider range of grid perturbation, (ii) implementation of GFM converter through 

communication such that modification of power converter firmware can be avoided, (iii) 

extending the capability of GFM converter to enhance the small-signal stability of power 

systems with low damping. 

While the power controllers are often designed towards supporting the grid, the current 

controller is, on the other hand, responsible for the internal workings of the power converter. 

To ensure a stable operation of the GFM converter under adverse operating conditions, a 

robust voltage sensorless current (RVSC) controller is developed in this PhD thesis. Unlike 

the existing controllers, the RVSC is able to handle simultaneously most of the possible 

abnormal conditions of the grid such as impedance variations, unbalanced voltage, 

harmonics distortion. These undesired operating conditions of the grid are mathematically 

represented using equivalent linear models such that they can be used for calculating the 

controller gains. Linear matrix inequality (LMI) techniques are also used to facilitate 

parameter tuning. In fact, the performance and stability of the current control loop can be 

determined through only 2 tuning parameters instead of 8 parameters for a controller of a 

similar structure. 

The existing GFM implementations are designed under the consideration that the digital 

controller of the power converter can be easily upgraded at will. This is true in the case of 

smart power converters where more and more new functions are being incorporated. These 

types of power converters are still under development and not yet cost-competitive. Indeed, 
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most power converters employed in renewable power plants and storage systems are 

equipped with GFL control schemes and produced in mass quantities. As a result, 

modification of the control firmware is not straightforward and cost-effective considering 

the enormous number of existing converters. To overcome such a limitation, an external 

synchronous controller (ESC) will be presented in this PhD thesis. The ESC uses 

measurements such as frequency and power, which are either provided by the power 

converter or a dedicated measurement unit, to calculate the actual active and reactive power 

that should be injected by the power converters in a way that the power plant acts as an 

aggregated GFM converter. By doing so, any conventional power converter, equipped with 

an available fast-fieldbus communication, can be utilized for providing grid-supporting 

services with minimal modification to the existing infrastructure. 

Evidently, most of the GFM strategies have not yet fully exploited the potential of power 

converters. In fact, most of the GFM implementations only focus on mimicking exactly the 

operation of a synchronous generator (SG). However, it is worth pointing out that power 

converters can provide even better performance if a proper control scheme is used. In this 

regard, the final chapter of this PhD thesis presents the multi-rotor virtual machine 

(MRVM) implementation for GFM converter to boost the performance of power converters 

in damping power oscillations. The MRVM implements several virtual rotors instead of 

only one rotor as in typical GFM strategies. Since each of the virtual rotors is tuned to target 

a specific critical mode, the damping participation to such a mode can be increased and 

adjusted individually. As a result, the MRVM-GFM can damp multiple modes 

simultaneously in a controlled manner. 

The controllers presented in this PhD thesis are validated through simulations and 

experiments. The experimental results come from laboratory prototypes as well as actual 

demonstrations of the H2020 FlexiTranstore project. The results are throughout analysed to 

assess the control performance as well as to highlight possible implications. 
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            1. 
 

1 Introduction 

 

his chapter introduces the overview of the dissertation. In particular, Section 1.1 

reviews the development trends in the control of power converters with a special 

focus on power system stability under the presence of abundant non-synchronous 

generations. Section 1.2 formulate the problems in the control of power converters in 

modern power systems. Section 1.3 presents the research objectives of this PhD thesis. 

Then, Section 1.4 shows the organization of this PhD thesis. Finally, Section 1.5 

summarizes the publications which report the findings and results of the research works 

conducted in this PhD project. 

1.1 Background 

The power system landscape has been undergoing profound transformations over the 

last decade. That is, power generation is shifting from centralised systems relying on a few 

large-scale power plants towards mixed systems with a large number of distributed 

generations of various sizes. Such structural changes have brought about paramount 

benefits to the environment such as the reduction of carbon dioxide emitted by fossil-based 

power plants, helping many nations to reach their environmental targets. On a global scale, 

such paradigm shift is consistent with energy plans set out following the Paris Agreement 

[1]. 

 The vast majority of the newly integrated generations are based on power electronic 

converters of some forms. Despite the difference in their internal energy conversion 

structure, power converters are usually connected to the grid through a voltage source 

converter which is controlled by a digital controller. The control system of these grid-

connected converters also varied based on the applications. Yet, their common objective is 

T 
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to maximize energy conversion efficiency. This common objective has been in fact 

forcefully followed to a point that the grid-connected power converters do not consider the 

stability of the grid but only their internal operations. 

With the number of conventional generations being replaced by distributed ones 

increasing significantly over the last years, the structure of power systems has also changed 

considerably. One of the most serious concerns posed by the power converters is the 

stability of power systems. Indeed, the stability of the power system has been redefined 

recently to take into account the impact of converter-based resources [2]. Most relevantly, 

a new classification of power system stability, shown in Fig. 1.1, has been jointly proposed 

by the IEEE Power System Dynamic Performance Committee and the CIGRE Study 

Committee 38 [2]. This new classification emphasizes on the inclusion of the impact 

introduced by power converters on the power system dynamics. In fact, as compared to the 

preceding classifications [3], two new stability categories have been added, which are 

resonance stability and converter-driven stability. 

As its name suggests, converter-driven stability represents a phenomenon where 

instabilities are caused by the internal control system of the power converter or the 

interactions between power converters and other system components. According to the 

frequency spectrum, converter-driven instabilities fall into two groups, namely, fast 

interaction and slow interactions. The former case often ranges from hundreds of hertz to 

several kilohertz [4]. In many cases, this type of instability is associated with the resonances 

caused by the LCL filter which is used to mitigate the switching harmonics. Interactions 

among power converters operating in parallel have also been reported [5]. Such high-

frequency resonances can be mitigated by either using passive resistors or active damping 

control techniques [6]. 

Similarly, slow-interaction instability refers to resonances in the range of sub-

synchronous frequencies. This type of resonance is often caused by the interactions between 

the gird synchronization system, usually a phase-locked loop (PLL), and other system 

components. In many situations, slow-interaction instability couples with 

electromechanical and electromagnetic dynamics of the power system leading to instability 

in a wide range of frequencies [4]. Slow-interaction instability usually appears in weak 

networks where the power converter is connected to the grid through a considerable large 

impedance. This is because the voltage at the point of connection varies more significantly 

during an event, making the PLL unable to track the grid voltage properly. In recent years, 

several control strategies, which do not require the use of PLL for synchronization, have 

been proposed for power converters to improve the grid stability [7]. 
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Power converters also have a significant impact on the other stability categories. As 

discussed in recent publications and grid codes, grid frequency is strongly influenced by 

power converters. In fact, power converters deteriorate the frequency stability of power 

systems. This is mainly because power converters inherently do not provide inertia response 

as in the case of synchronous generators. Therefore, as the power converter displaces 

conventional generations, the net inertia of the grid decreases accordingly. As a result, 

frequency excursions become more aggressive with higher values of ROCOF and frequency 

nadir. Several studies suggest that frequency stability can be retained by de-loading 

continental generators instead of decommissioning them entirely [8]. A more efficient 

approach is to take advantage of the fast dynamics of the power converter in order to 

implement synthetic inertia [9]. 

Power system 
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stability

Electrical
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Converter-

driven stability

Fast interaction
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Fig. 1.1.  Classification of power system stability [2]. 
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Power converters do not traditionally provide either inertia or damping, thus rotor angle 

stability of power systems is also negatively affected. That is, due to the increasing 

deployment of renewables, the power flow of the tie-lines is greatly altered leading to 

undesired changes in interarea modes, stability margin, and damping [10]. More critically, 

displacing conventional generation equipped with power system stabilizers degrades 

significantly the stability margin of the system. In fact, it has been suggested that 

supplementary control should be provided by a power converter through synthetic damping; 

like the damping control provided by FACTS devices [11]. 

Numerous incidents in which there is a clear contribution of renewable resources to the 

cascading failures have been reported around the world. For instance, the infamous blackout 

in the South Australia network on 28th September 2016 affected nearly 1.7 million people 

and caused more than 229 million euros in financial loss [12].  A similar event took place 

on the 9th August 2019 in the Great Britain network affecting 1 million customers and 

costing system operators approximately 10 million euros [13]. Even though there are 

multiple causes of such blackouts, the link of power converter-based generations to such an 

event is undeniable. Indeed, in the former case, PV and wind generations account for around 

50% of the total demand in the system. 

 

To achieve the environmental targets, incentives of various forms have been promoted 

by governments in order to increase the share of renewable generations in the total supply. 

This has further boosted the ever-increasing installation of renewable plants worldwide 

[14]. As shown in Fig. 1.2, deployment of PV and Wind power has increased steadily with 

annual additions of around 30% and 10% respectively. It is estimated that the total 

installation of PV and Wind power will reach 2264 GW by 2024 [15]. Furthermore, due to 
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Fig. 1.2.  Global cumulative installations for PV and wind power in GW. Source: IEA. 
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the recent advances and cost reduction in battery energy storage systems (BESS), the 

installation of BESS is expected to increase exponentially in the coming years, as shown in 

Fig. 1.3. As a result, the presence of power converters in power systems will continue to 

increase significantly in the coming years. 

 

1.2 Problem Formulation 

For accommodating such a high penetration of renewables, more advanced 

functionalities are required from grid-connected power converters. In this regard, ENTSO-

E outlined a series of guidelines and preliminary technical requirements for grid-forming 

functions [16]. This technical report highlights the need for GFM converters in renewable-

rich power systems. Notably, technical specifications for grid-forming functions such as 

creating system voltages, fault current contribution, and synthetic inertia among others are 

detailed. Similarly, NREL also published a research roadmap summarizing the importance 

as well as the technical challenges in deploying GFM converters [17]. 

In fact, the concept of GFM converter was proposed more than a decade ago [18] for 

AC microgrids. Initially, the main objective for grid-forming converters is to maintain a 

stable voltage after both intended and unintended islanding. To do so, this very first 

generation of GFM converter is designed to control the power converter as an ideal voltage 

source during an islanding event. In the islanded operation, the GFM converter regulates 

the grid voltage and frequency to reach reference values. To operate in parallel with the grid 

or other converters, droop control is often used as an outer loop for the voltage control loop. 

Since communications are not needed for the droop implementation, this control method is 

widely used in microgrids [19].  
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Fig. 1.3.  Total installed battery storage capacity in the Net Zero Scenario. Source: IEA. 
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Even though the droop control strategies can guarantee a reasonable power-sharing 

among power converters while providing frequency and voltage support for the grid in the 

steady-state, this control approach does not provide any tangible support to the grid during 

transitoriness. To remedy such a drawback, new implementations based on the concept of 

a virtual synchronous machine (VSM) have been adopted for grid-forming converters [20]. 

Essentially, this type of grid-forming converter reacts to the grid disturbances in the same 

way as a synchronous machine would, for instance, inertia response. To do so, VSM-based 

GFM converter emulates the equations of a synchronous machine in its control system. 

Depending on the implementation, both electromechanical and electromagnetic equations 

can be used [21]. 

There are several implementations of VSM-GFM converter in the literature for different 

applications. For instance, the complete set of equations of a synchronous machine is 

emulated in the VISMA and Synchronverter implementation [22], [23]. For reducing 

unnecessary complications, reduced electromechanical and electromagnetic equations have 

also been proposed in the Virtual Synchronous Generator [24] and Synchronous Power 

Controller (SPC) implementation[25]. By emulating fully or partially the dynamics of a 

synchronous machine, the VSM-GFM converter can provide support to the grid only in the 

steady-state as well as during transient events. The effectiveness of VSM-GFM in 

supporting frequency regulation and damping subsynchronous oscillation has also been 

reported [25], [26]. 

Despite the rich literature on control implementation for VSM-GFM, there are still 

several major research questions that have not been fully addressed such as: 

i. The main objective of the VSM-GFM converter is to enhance the stability of the 

grid. Yet, one important fact which has not been seriously considered by the 

researchers is that the grid conditions cannot be improved if the power converter 

itself is not stable. Indeed, power converters have been known for being more 

fragile when connected to weak grids due to resonances. Thus, it is of importance 

to ensure a stable operation of the GFM converter itself under a wide range of grid 

conditions. 

ii. Most of the implementations for GFM converters are designed to program the GFM 

control algorithms on the digital controller of the power converter. However, this is 

not always straightforward as it may seem. In fact, firmware updates and additional 

testing are often required for implementing VSM-GFM converters. This 

requirement certainly increases the development costs and efforts and therefore 
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hinders the actual deployment of GFM algorithms. Moreover, mass firmware 

updates and testing for commissioned converters have been proved to be not cost-

effective. 

iii. Most of the existing grid-forming implementations solely focus on providing inertia 

response. However, there is only a handful of developments that target power 

oscillation damping capability which could potentially be provided by a power 

converter. Even though synthetic inertia response is vital for low-inertia power 

systems, damping power oscillations is by no means less crucial. 

1.3 Objectives of Dissertation 

This PhD thesis aims to address the aforementioned research gaps using both theoretical 

and empirical approaches. Indeed, research works conducted focuses on the two pressing 

stability issues in power electronics dominated power systems namely, frequency stability 

and rotor angle stability. Particularly, the objectives of the PhD thesis are to: 

i. Redesign the inner control loop of the GFM converter to ensure its internal stability 

for a wider range of disturbances including variations in grid impedance and 

distortion grid voltages. In this regard, new parameters tuning approach based on 

optimization will be devised to simplify the tuning process for the current controller 

which could potentially have more than ten tunable parameters. Furthermore, this 

new inner controller will also eliminate the need for grid voltage sensors for purpose 

of reducing implementation cost and complexity for the grid-connected power 

converters. 

ii. Devise a control framework that allows implementation of grid-forming functions 

on external control hardware that communicates with the conventional GFL 

converter through a digital link. This way, modification of the firmware of the 

power converter can be avoided. The functions implemented in the external control 

hardware can be tailored to meet different communication specifications. In this 

regard, the influence of communication delay on the system performance and 

stability of the GFM will also be investigated. 

iii. Propose a new concept for the implementation of a GFM converter that does not 

only provide inertia support but also enhance the rotor angle stability of the grid. In 
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particular, this PhD thesis aims to extend the current virtualization concept of 

synchronous machine emulation to a newer level where an emulated machine can 

have more than one virtual rotor. This unique feature will allow the GFM converter 

to damp multiple oscillatory modes selectively with higher flexibility. 

1.4 Organization of Dissertation 

The remaining chapters of this dissertation are organized as follows: 

Chapter 2 reviews the existing control approaches for grid-connected power converters. 

The two dominant control schemes, namely GFL and GFM converters are discussed. In 

particular, different implementations of the GFM converter will be analysed. Also, this 

chapter will summarize key aspects in tuning parameters for the GFM based on synchronous 

power controller which is used intensively in the subsequent chapters. 

Chapter 3 focuses on improving the internal control of grid-forming converters. In this 

chapter, a robust voltage sensorless current controller, which is based on internal model 

principle and linear matrix inequality technique, is proposed to ensure the stability of the 

current control loop under the presence of various grid uncertainties e.g., variation in the 

grid impedance when the power converter is connected to a week grid. Experiments using 

a laboratory prototype are conducted for assessing the performance of the controller. 

Chapter 4 presents a new implementation strategy for GFM converters using external 

control hardware to overcome the requirement of modifying the internal firmware of power 

converters. In addition to the overall description of the control architecture, parameter 

tuning with respect to communication delay will also be provided. It will be shown that 

such a new implementation is suitable for both a single power converter and renewable 

power plants. 

In chapter 5, An advanced implementation for GFM to provide enhanced power 

oscillation damping capability will be presented. This new implementation is devised by 

using the multi-rotor virtual machine approach where the GFM converter emulates not only 

one rotor but several ones simultaneously. Consequently, such a GFM converter is able to 

damp multiple critical modes at the same time with an adjustable damping effect. The 

proposed control scheme will be numerically validated with an IEEE benchmark power 

system. 

Finally, conclusions and future works are provided in Chapter 6. 
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2 Control of Grid Power Converters  

his chapter reviews various control strategies commonly used for grid-connected 

power converters. Section 2.1 introduces the overall development trends and 

considerations for the control system of grid-connected power converters. Section 

2.2 discusses the generic control structures of a GFL converter with a special focus on the 

basic control blocks. As the main focus of this chapter, Section 2.3 presents popular GFM 

schemes. Then, guidelines for parameter design for an SPC-based GFM converter is 

presented in Section 2.4. Finally, the summary of the chapter is given in Section 2.5. 

2.1 Introduction 

Grid-connected power converters (GCC) were originally designed with a primary 

objective to deliver energy from renewable sources to the grid as most efficient as possible. 

Thus, reference tracking was of the utmost importance. However, as grid codes become 

more and more stringent, additional functionalities such as harmonic suppression, 

unbalanced current injection, and low-voltage ride-through to name a few have also been 

required for power converters. In general, these additional requirements are often met by 

enhancing the control system of the GCC, for instance, harmonics suppression might be 

achieved by adding resonant terms to the current controller. Nevertheless, most of the 

functions implemented in GCC are focused on improving the internal stability of the power 

converter rather than supporting the grid, especially in the case of GFL converters which 

solely follow the grid voltage measured at the PCC. As a result, GFL converters do not 

support the operation of the grid. 

Due to the increase in renewable installation and replacement of the synchronous 

generations, grid strength reduces significantly during the last years. In particular, grid 

inertia and damping of some power systems have become critically low [27]. Thus, it 

becomes apparent that GCC should also provide grid-supporting functionalities to the grid. 

T 
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In fact, this has been the main motivation for the GFM concept which aims to control GCC 

in a more flexible manner. GFM strategies attempt to maintain the highly efficient operation 

of GCC during steady-state while providing support to the grid during transient events. 

2.2 Grid-following Power Converters 

GFL controller refers to a group of control approaches where the regulation of the 

injected active and reactive is solely based on the grid voltages. That is, the GFL converter 

uses the magnitude and angle of the grid voltage to determine the setpoints for the injected 

currents. For this purpose, the control system of the GCC converter usually consists of four 

control blocks, namely the pulse-width modulation (PWM), the current controller, the 

phase-locked loop (PLL), and the power controller. The overall configuration of a GLF 

converter is depicted in Fig. 2.1. In general, energy from renewable resources and energy 

storage systems are transformed into a stable DC source either by using rectifiers or DC-

DC converters before being injected into the grid. Such a DC source acts as the primary 

source for the grid-connected power converter. Due to the fact that the dynamics of the DC 

link is nearly decoupled from those of the AC side, the impact of DC-link voltage can be 

omitted when designing the current controller.  The GCC is connected to the grid through 

an inductance to smoothen the switching ripples in inverter currents. To reduce the filter 

size as well as to increase the harmonics attenuation capability, LCL filters are more often 

used. Without losing genericity, an LCL-filtered converter is considered throughout this 

PhD thesis. 

 

Among the four control blocks, the current controller and the phase-locked loop are the 

most important ones when it comes to the stability and performance of a GFL converter. 

The current controller can be implemented in the stationary reference frame or the 

synchronous reference frame. Both implementations have their advantages. Indeed, it is 

more straightforward to implement current limitations on dq-reference since the 
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Fig. 2.1.  Overall configuration of a GFL: Power circuit and control system. 
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fundamental components are of DC quantities. On the other hand, the implementation on 

 - frame can eliminate the need for the decoupling network as well as the use of PLL 

estimates in the PWM block which simplifies the overall implementation and analyses. 

There are multiple ways to calculate the references for the current controller from the power 

setpoints. For instance, the power setpoints could be tracked by a PI controller whose 

outputs are reference currents. A more simple and reliable approach is to calculate the 

reference currents directly from the power setpoints by using the below equations. 
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where the subscript dq  denotes the direct and quadrature components of the voltage and 

current in the synchronous reference frame. For implementation in the  -reference frame, 

the equations are also in a similar form. 

The control structure of the proportional-integral (PI) based current controller is shown 

in Fig. 2.2. In this case, as the reference currents are required to be in a dc form, Park’s 

transformation is used to convert the currents and grid voltages from the natural reference 

frame into the synchronous reference frame by using the grid angle estimated by the PLL. 

To cancel out the crossed-coupling dynamics between the d-axis and q-axis components, a 

decoupling network is also used. This decoupling network helps to separate the dynamics 

of the active power and reactive power, resulting in more independent control of these two 

quantities. The voltage references are transformed to the -frame for modulation purposes. 

To improve the transient response of the current controller, measured grid voltages are 

sometimes used as feedforward signals. 
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Fig. 2.2.  Proportional-integral current controller for GFL converter. 
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The current controller can also be implemented in the stationary reference frame as 

shown in Fig. 2.3. The major difference is that proportional-resonant (PR) controllers are 

used instead of the PI controllers. PR controller allows the reference currents which have 

synchronous frequency to be tracked asymptotically. Moreover, PLL and decoupling 

networks are not required in this implementation. 

 

Having an equally important role in the performance and stability of the power 

converters, the PLL is mainly used to estimate the magnitude and angle of the grid voltage 

from the measurements at the point of connection. Fig. 2.4 shows the PLL implemented on 

the synchronous reference frame. This type of PLL is often referred to as SRF-PLL. The 

SRF-PLL and its variants are widely used for grid-connected applications due to its 

simplicity and robustness [28].  Nevertheless, this type of PLL is not able to obtain a proper 

estimation under distorted and unbalanced grid voltage conditions. To address such a 

limitation, a moving average filter has also been used to filter out the higher-order 

harmonics from the estimated phase angle as in [29]. 

 

2.3 Grid-forming Power Converters 

In recent years, the interest in power converters has shifted from internal stability 

towards the global stability of the grid. That is, there have been an increasing amount of 
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Fig. 2.3.  Proportional-resonant current controller for GFL converter. 
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research works aiming to take advantage of the fast dynamics of power converters to 

enhance grid stability and performance. This has been the main motivation for the concept 

of the GFM converter. Even though the development of GFM converters have just become 

relevant in the last few years due to the new grid codes, the concept was coined a decade 

ago by academia [30]. According to the initial definition [30], grid-forming converters are 

controlled as voltage source which is capable of working in both grid-connected and 

islanded mode. This definition is derived from the perspective of controlling a power 

converter. Recently, a more power system-oriented definition has been proposed by 

ENTSO-E. This new definition is, as described in the previous chapter, based on the 

functionalities that should be provided by the power converter such as inertia response, 

power oscillation damping among others. 

Recently, there have been a number of proposals for GFM converters. Broadly speaking, 

these approaches fall into two groups, namely voltage source-based techniques and virtual 

synchronous machine (VSM)-based techniques. The former are realized following the 

working principle of uninterrupted power supplies and is more popular in small systems or 

microgrids where electromagnetic interactions between the generation units are of the 

primary concern. In contrast, electromechanical dynamics are of more relevance in power 

systems with higher penetration of renewables and energy storage systems. This issue is 

currently addressed by using the VSM-GFM converter where the power converter acts as a 

mechanical synchronous machine in responding to a grid event. 

Due to the fact that the VSM-GFM converter is more effective and relevant for grid-

connected applications, this section is devoted to reviewing the common implementations 

of VSM-GFM converters. In fact, these implementations will be analysed from the 

dynamical interaction perspective. That is, the control structures of these approaches will 

not be discussed based on their functionalities but based on their dynamical interactions 

with the grid. 

2.3.1 Implementation tree 

Independent of their control structures, the functions of existing GFM approaches can 

be analysed from the perspective of synchronization, electromechanical interaction, and 

electromagnetic interaction with the grid as shown in Fig. 2.5.  Grid-synchronization refers 

to the ability of power converters to keep synchronism with the grid. Such synchronism is 

needed to regulate the power exchange with the grid and is often achieved through using 

either the grid voltage or the injected power. Indeed, a power converter can track the angle 

and magnitude of grid voltage by using a PLL. This approach is relatively simple and has 

been commonly used for GFL converters. The main disadvantage of voltage-based 
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synchronization approaches is potential instability. In fact, the PLL is tuned to meet internal 

transient specifications such as overshoot and settling time for frequency estimation rather 

than grid conditions. However, under weak grid conditions, i.e. low short circuit ratio, PLLs 

become unable to estimate grid voltage properly which can easily cause instabilities. On the 

other hand, power-based synchronization is more resilient because the power the grid 

frequency is estimated through the power deviation which is the direct result of the 

interaction between the power converter and the grid. 

 

The focus of GFM converters is to provide dynamic support to the grid through their 

electromechanical loop. This control loop determines the behaviour of the GFM converters 

in a time frame ranging from hundreds of milliseconds to a few seconds. To mimic the 

operation of conventional generations, this control layer is realized by emulating the motion 

equation of a synchronous generator. Depending on the implementation, the motion 

equation can be partially or fully emulated. In some cases, advanced functions can be 

incorporated into this control layer to provide additional functionalities which cannot be 

obtained with a simple motion equation. 

Central to the internal stability of the GFM converters, the functions that focus on 

electromagnetic transients are implemented in the electromagnetic layer. The control blocks 

for this loop are greatly varied for the existing GFM implementation. In fact, this control 

layer can be implemented by using an open-loop voltage controller i.e. voltage references 
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Fig. 2.5.  Classification of control blocks of a grid-forming converter. 

 

 



 
Grid-forming Power Converters 19  

 

generated by the electromechanical loop are fed directly to the PWM block. Though simple, 

this approach is not practical since it is not possible to control the injected current. In most 

cases, a current controller is needed in the GFM implementation. The reference currents can 

be generated directly from the reference power, which is referred to as the power-to-current 

approach. Oftentimes, the output of the electromechanical layer is reference voltage rather 

than power. Therefore, a closed-loop voltage controller is often used in GFM 

implementation. As the GFM are also required to operate in parallel with other GFMs as 

well as the grid, virtual admittance or virtual impedance are often employed to improve 

power-sharing capacity. 

2.3.2 Virtual Synchronous Machine 

As the first VSM-GFM implementation, the virtual synchronous machine (VISMA) is 

patented in 2006 [31] and then published in an article in 2007 [22]. The electromechanical 

layer of the VISMA is based on a detailed model of an SG, which receives the virtual 

mechanical torque and excitation voltage as references. The VISMA emulates both the 

swing and the flux linkage equations, encompassing the stator, the excitation and damper 

windings. These equations dictate the current flowing through the stator of the VISMA as 

a function of the rotor voltage, angle, and grid voltages. Such output currents are employed 

as reference values for the internal current controller, which eventually controls the current 

injected by the power converter. Even though the hysteresis current controller is employed 

in the VISMA implementation, any other current controller might be also used. The control 

block diagram of the VISMA is shown in Fig. 2.6. Inputs of the VISMA include active and 

reactive reference powers, and grid voltages. The reference powers can be calculated 

through the voltage and frequency droop controllers to improves power sharing during 

parallel operation. 

The main advantage of the VISMA implementation is the use of power-based 

synchronization which is certainly more grid friendly and stable during islanded operation. 

Nevertheless, the VISMA realization is rather complex. In fact, many parameters and 

equations are needed for implementing the virtual machine, which leads to higher 

computation times and is less reliable. Furthermore, the VISMA inherits all characteristics 

of an SG, even though some are undesired, such as weak damping and slow transient 

response. To provide harmonic and imbalance compensation, a PLL-based compensator 

can be integrated into the VISMA as in [32]. 

Fig. 2.7 shows the implementation tree for the VISMA. As shown, the VISMA is built 

upon the power-based synchronization method through the emulation of the motion 

equation of an SG. Nevertheless, voltage-based frequency estimation for harmonic  
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compensation is still based on grid voltage measurements. With regard to the 

electromagnetic layer, the VISMA faithfully implements the full set of equations of an SG, 

which is indeed a drawback due to the unnecessary complexity required in actual 

realization. The electromagnetic interaction of the VISMA relies mainly on the emulation 

of the stator circuit of an SG to calculate the references for the injected current which is 

then regulated by a current controller. Due to the lack of a voltage control loop, it is not 
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Fig. 2.6.  Control block diagram of the virtual synchronous machine (VISMA). 
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Fig. 2.7.  Implementation tree for the VISMA-based GFM converter. 
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straightforward to provide voltage support functions using the VISMA. Further 

improvements on damping and voltage control capability for the VISMA are also proposed 

in [33] where the electromechanical layer is simplified to emulating only the inertia and 

damping coefficient. In addition, a closed-loop controller based on virtual admittance is 

included. Further improvement based on virtual impedance is also presented in the literature 

[34].  

2.3.3 Virtual Synchronous Generator 

The first implementation for the virtual synchronous generator (VSG) is proposed in 

2007 in the framework of the VSYNC project which aims to incorporate short-term energy 

storage with grid support capability into the grid for stability purposes [35]. The control 

diagram of the VSG is shown in Fig. 2.8. Regarding control structure, the VSG is relatively 

close to a conventional GFL approach. That is, the VSG is constituted by a PLL and a 

current controller. The reference currents are generated by the power-to-current block 

which computes explicitly the current by using the following equations. 
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Different from a conventional GFL converter, the PLL block of the VSG is modified to 

emulate the dynamics of an SG. In fact, the PI controller commonly employed in the SRF-

PLL is replaced by a single integrator whose gain 
ik  represents the inertia constant of the 

virtual machine. The damping of the VSG is determined by the damping coefficient kdamp 

which is indeed used to generate a compensation active power from the estimated grid 

frequency. Together with this compensation term, the original references power is also 

modified by the PLL through RoCoF term to provide inertia response. 

The VSG has been employed in a number of applications including grid frequency 

control, islanded operation, microgrid operation including black-start [36]. Several 

experimental works have been reported for the VSG implementation. For instance, the 

demo of 5 kW is conducted in the Netherland in 2009 [37]. A demonstration of a more 

significant power level was launched in Romania in the same year for supplying a 

residential load [24]. Further real-time simulations were also conducted to investigate the 

interaction between the VSG and the grid [38] where the capability of the VSG to provide 

dynamic frequency support is confirmed. 
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Due to the use of a PLL, the grid-synchronization method of the VSG falls into a 

voltage-based approach. Furthermore, since only inertia and damping of the swing equation 

are taken into account, the electromechanical layer of the VSG emulates partially the motion 

equation. As for the electromagnetic layer, the VSG is composed of the power-to-current 

block and a current controller. The implementation tree for the VSG-GFM can be derived 

as in Fig. 2.9. 
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Fig. 2.8.  Control block diagram of the virtual synchronous generator (VSG). 
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Fig. 2.9.  Implementation tree for the VSG-based GFM converter. 

 



 
Grid-forming Power Converters 23  

 

It is obvious from the implementation tree that the VSG is relatively simple but quite 

effective. The main advantage of the VSG is its control structure which is considerably 

similar to the conventional GFM except for the parameters of the PLL and the compensation 

terms for active power. Nevertheless, due to the voltage-based synchronization, the VSG 

bears the same potential instability issues when operated in weak-grid conditions. 

Furthermore, the VSG does not provide the means for controlling the PCC voltage owning 

to the lack of a dedicated voltage control unit. In conclusion, the VSG implementation is 

ideal when only grid frequency regulation is the main objective. For applications that have 

more complex control requirements, the VSG could be insufficient. 

2.3.4 Synchronverter 

The Synchronverter is among the most referred implementations for GFM converters. 

The synchronverter, originally named static synchronous generator, was proposed in 2009 

in an attempt to force power converters to behave like SGs from the grid's perspective [39]. 

Due to its grid-friendly characteristics, the synchronverter was adopted in various 

applications such as in electrical drive systems [40], STATCOM [41], phase-locked loop 

[42], power system stabilizer [43] to name a few. The control block diagram of the 

synchronverter is shown in Fig. 2.10. Much similar to the VISMA implementation, the 

synchronverter aims to emulate most of the equations of an SG. In general, the 

synchronverter implement the electromechanical loop using a simplified swing equation 

with only inertia constant. For parallel operation, voltage and frequency droop are also used. 

The output of the synchronverter is the reference voltage which is fed directly to the PWM. 

For such an initial implementation, the implementation tree for the synchronverter can 

be illustrated in Fig. 2.11. Even though the synchronization of the synchronverter is based 

on active power during operation, PLL is still needed for starting up the system. This feature 

may add overall complexity to the implementation and operation of the converter. Likewise, 

the electromagnetic layer, which is made of only inertia constant, may suffer from 

insufficient damping. As another drawback, since the synchronverter relies on an open-loop 

voltage controller, there is a limited possibility to control the injected current in case 

harmonic compensation or sequence control is required. Despite the above demerits, since 

the synchronverter is quite well described and explained in the literature, it is widely 

adopted for GFM converters. 

Over the years, many attempts have been made to further validate and improve the 

synchronverter implementation. That is, considerable improvements have taken place in all 

the layers of the synchronverter implementation tree. In 2013, a PI controller was added to 

the voltage control loop to compensate for parameter mismatches, which slightly modified  
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Fig. 2.10.  Control block diagram of the synchronverter. 
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Fig. 2.11.  Implementation tree for the synchronverter-based GFM converter. 
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modified the electromagnetic interaction layer [44]. Likewise, [45] compares the grid-

supporting capabilities of the synchronverter with those provided by a synchronous 

machine. Notably, to eliminate the need for PLL during the start-up, a major modification 

was proposed for the synchronization layer in [46]. In fact, during the start-up process, 

reference active and reactive powers are set to zero. In addition, a PI controller and a virtual 

admittance are added to track grid voltage angular and amplitude 

In 2017, the issue regarding electromagnetic interaction of synchronverter was also 

studied. It was concluded in [47] that synchronverter are less stable than synchronous 

machines of the same ratings since the inductance of the inverter filter of a typical three-

phase inverter is much smaller than the stator inductance of a synchronous machine. To 

tackle this problem, virtual impedance is added to the voltage control loop to increase the 

total impedance of the synchronverter. The main idea behind this method is that a virtual 

impedance is added in series with an output filter, which virtually increases the total 

impedance of the synchronverter as shown in Fig. 2.12.  

 

From Fig. 2.12, the phase voltage applied to LCL filter g can be given as 

 
( 1)n v e

g
n

− +
=  (2.5) 

where v  and e  are grid voltage and back emf voltage, respectively. By using this approach, 

total impedance can be increased by n  times of filter impedance. Obviously, the R/X ratio 

is unchangeable. 

Electromechanical interaction of synchronverter with the grid was also investigated in 

[48]. It was confirmed that having a damping factor dependent on the droop coefficient is 

inconvenient since the dynamic response of the synchronverter cannot be adequately 

adjusted without affecting the steady-state droop characteristic. For the purpose of making 

the damping factor of the synchronverter independently adjustable, a damping correction 

loop is added to the synchronverter [48]. This is achieved by adding a derivative term to the 

active power feedback path. However, because of the introduction of a derivative term, low-

e g v

sL sR(n 1) Ls− (n 1) R s−

Virtual impedance

 

Fig. 2.12.  Virtual impedance for the synchronverter. 
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pass filters are required to implement this control scheme. To date, there is still limited 

evidence of the performance of the synchronverter under grid faults and islanding operation. 

2.3.5 Power-Synchronization Loop 

Being the simplest implementation for a VSM-based GFM converter, the power-

synchronization loop (PSL) includes only the crucial parts of a VSM [49]. As shown in Fig. 

2.13, the PSL mainly contains only an active power controller, a reactive power controller, 

and a filter-based resonant damper. The active power controller is formed by an integrator 

and a proportional gain which acts as virtual inertia constant. In addition to regulating the 

active power, this controller is also responsible for grid synchronization. Similarly, the 

reactive power controller aims to emulate the automatic voltage regulator (AVR). The 

outputs of the two controllers are grid voltage angle and reference voltage magnitude. Such 

outputs are combined to form the reference voltage for the power converter through the 

PWM. 

 

Since the active power control loop consists of only an integrator, the PSL suffers from 

insufficient damping. Thus, a high-pass filter, whose input is the measured currents, is used 

to emulate the effect of a virtual resistor to eventually increase the damping of the PSL. 

From Fig. 2.13, the implementation tree of the PSL can be derived as in Fig. 2.14. The 

synchronization of the PSL is mainly based on power regulation. Yet, a backup PLL is still 

highly recommended. Since only the inertia constant is taken into consideration, the PSL 

implements only partially the motion equation. This might limit the application of the PSL 

since adjustable damping through damping coefficients are more preferred. Especially, 

when the grid is in low inertia conditions or has a low damping ratio. The main disadvantage 
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Fig. 2.13.  Control block diagram of the power-synchronization loop. 
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of the PSL is attributed to the open-loop voltage controller. In fact, there is no voltage or 

current controller used in the PSL. Such lack of controllability makes it impossible to 

implement necessary functions such as harmonic compensation, negative-sequence voltage 

compensation, or voltage regulation to name a few. In conclusion, the simple structure of 

the PSL might make it easy for implementation. However, the lack of controllability on all 

control layers hinders the adoption of this implementation in real applications where power 

converters are required to deliver simultaneously multiple control functions. Further 

improvement and analyses of the PSL are reported in [50], [51]. 

 

2.3.6 Cascaded Voltage-Current Controller 

Different from the aforementioned implementation, the cascaded voltage-current 

controller (CVCC) is devised from the power electronic perspective rather than the power 

system viewpoint. The CVCC is first proposed in 2013 [52], and further improved in [53] 

and [54]. As shown in Fig. 2.15, the CVCC primarily consists of four main control blocks, 

namely active power controller, reactive power controller, voltage controller, and current 

controller. 

The active power controller is mainly based on the swing equation for the purpose of 

grid synchronization and power regulation. The virtual inertia constant of the CVCC can be 

set through 
aT  such that 2a vT H= . In addition, the damping of the electromagnetic loop is 

adjusted through the damping coefficient 
dk . The output of the active power controller is  
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Fig. 2.14.  Implementation tree of the PSL-based GFM converter. 
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fed through an integrator block to obtain the estimated angle of the grid. Likewise, the 

reactive power controller is based on a conventional droop controller which can also provide 

voltage support to the grid. The reactive power controller is relatively simple with only a 

low-pass filter (LPF) to determine the dynamics and a droop coefficient k0. The voltage and 

current controller are cascaded and implemented in the synchronous reference frame. 

However, this control structure can also be extended to the stationary reference frame. 

The CVCC however entails some limitations in terms of dynamics such as inherent 

cascaded delays. Moreover, the bandwidth of the two cascaded control loops needs to be 

significantly different from one another to prevent coupling interactions. Indeed, [52] shows 

how, for low switching/sampling frequencies, the interactions between both cascaded 

control loops, make it difficult to select proper control parameters. As a remedy, a tuning 

approach based on eigenvalue sensitivities analyses of the linearized system model was 

proposed in [91]. Furthermore, to improve the quasi-stationary characteristic of the CVCC, 

virtual impedance is also used [54].  

The implementation tree of the CVCC-GFM converter is shown in Fig. 2.16. The CVCC 

is synchronized with the grid through active power regulation which is considered an 

advantage because potential instability posed by PLL can be avoided. In addition, the 

electromechanical layer of the CVCC features a full implementation of the motion equation 

allowing individual adjustment of the inertia constant and damping. Similarly, the use of a 

closed-loop control structure for both voltage and current loop makes it easier to implement 

advanced control functions for current and voltage control. However, the voltage control 

loop of the CVCC also poses several drawbacks. Firstly, the voltage control loop is based 

on a PI controller which is not ideal for grid-connected applications because PCC voltage 
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Fig. 2.15.  Control block diagram of the cascaded voltage-current controller. 
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is not easy to control in the case of a strong grid. Therefore, the voltage control loop might 

suffer from saturation crippling the whole control system. In addition, it is not 

straightforward to implement the virtual impedance in practice. As can be seen in (2.6), 

implementation of the virtual impedance block requires a derivative operator or equivalent 

approximation technique. As a general rule, the derivative operator is not preferred within 

a control system since noise can be easily amplified leading to degraded performance or 

even instabilities. 

 ( )vi v vG s L s R= +  (2.6) 

 

2.3.7 Synchronous Power Controller 

It is fair to say that the synchronous power controller (SPC) captures very well the main 

advantages of the aforementioned control technique in a simple and stable implementation. 

The concept of the SPC was first patented in 2011[55] and later published in 2013 [56]. The 

main motivation of the SPC is to create a GFM converter that emulates the preferred 

dynamic characteristic of a conventional SG at the same time takes advantage of the 

flexibility of the power converter to incorporate advanced functions. Such advanced 

functions are usually unavailable in an SG. 

The control block diagram of the SPC is depicted in Fig. 2.17. In general, the SPC 

consists of five main control blocks, namely the power loop controller (PLC), the reactive 

power controller, the voltage-controlled oscillator (VCO), the virtual admittance, and the 
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Fig. 2.16.  Implementation tree for the CVCC-based GFM converter. 
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current controller. The PLC is based on the swing equation and is in charge of both grid-

synchronization and active power regulation. The reactive power is often constructed by a 

PI controller for regulating the reactive power. Oftentimes, the bandwidth of the reactive 

power controller is significantly lower than that of the PLC to prevent the coupling effect. 

The outputs of the active and reactive power controller are estimated grid angle and 

reference grid voltage, respectively. The two quantities are used as inputs for the VCO 

which generates the instantaneous reference voltages either in the synchronous or stationary 

reference frame. The virtual admittance acts as the stator windings of an SG to transform 

the reference voltage into current references for the current controller. 

 

It has been pointed out in [57] that the SPC might suffer from a high inherent droop 

coefficient if the SPC is to be sufficiently damped. This issue has been addressed by 

replacing the conventional swing equation with a lead-lag controller [58]. The lead-lag 

controller provides an additional degree of freedom that enables tuning separately the 

inertia, damping, and droop coefficient. In another work, the virtual admittance is enhanced 

by implementing multiple virtual admittance blocks in parallel to provide simultaneously 

harmonic suppression, sequence control of injected current, and transient improvement 

[59]. The SPC has been widely adopted in PV plants [60], HVDC [61], [62]. 

Fig. 2.18 shows the implementation tree of the SPC-based GFM converter. The grid-

synchronization of the SPC is solely based on active power balancing which is 

advantageous in terms of overall stability under weak grid conditions. Unlike any other 

VSM-based implementation, the electromechanical layer of the SPC includes not only 

conventional swing equations but also advanced transfer functions such as the lead-lag 

controller to improve both transient and steady-state performance of the power converter. 

The same capabilities have also been proved for the electromagnetic layer. Another 

highlight of the SPC lies in the virtual admittance which can be generally given in the 

following equation. 
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Fig. 2.17.  Control block of the SPC. 
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It can be seen from (2.7) that the virtual impedance does not entail a derivative operator 

as in the case of CVCC.  In fact, the implementation of the virtual impedance is rather 

simple and stable. The virtual admittance block can also be tuned to accommodate different 

voltage support requirements. As pointed out in [58], by appropriately selecting the virtual 

inductance 
vL  and the virtual resistance 

vR , the SPC can easily meet voltage support 

criteria. 

 

2.4 SPC-based Grid-forming Converters 

Due to its effectiveness and simple implementation, the SPC is used as the basis for 

designing the controllers used in the PhD thesis. Therefore, this section aims to dive into 

the parameter tuning and functionalities of the SPC. In general, the design of the SPC can 

be achieved by using the bottom-up approach. That is, the parameters of the SPC is often 

tuned from the current controller then the voltage controller, and lastly the active and 

reactive power controller. To simplify the parameter tuning of the controllers, the 

bandwidths of the controllers are often distinct from one another such that the dynamics of 

the inner loop controller does not interfere with those of the outer loop controller. 
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Fig. 2.18.  Implementation tree of the SPC-based GFM converter. 
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 Similar to a conventional power converter, the current controller can be implemented 

in either a synchronous or stationary reference frame. Regardless of the internal control 

structure, the current controller should be able to track references in a fast and stable manner 

under a full range of grid operating conditions. Once the current controller is properly 

designed. The virtual admittance block can be tuned. Oftentimes, the virtual admittance 

block is designed to meet the voltage support requirements. In most cases, it is adequate to 

choose the virtual admittance as 
2 2 0.3 puv v vX L R= + = . The ratio between the virtual 

inductance and the virtual resistance can be selected such that the transient response of the 

voltage control loop is appropriately damped. 

For tuning the active and reactive power control loop, it is convenient to consider only 

the power flow on the virtual admittance rather. Indeed, as the voltage control loop is much 

slower than the power control loop, the dynamics of the virtual admittance hardly has any 

influence on the dynamics of the power control loop. The active power flows determined 

by the virtual admittance can be calculated by the following equations. 

 ( )2 2
cos sinA v g v g

v v

E
P R E V X V

R X
  = − +

 +
 (2.8) 

where E is the reference voltage generated by the VCO, Vg is the grid voltage, and   is 

load angle.  

Given that the load angle is relatively small during normal operation, it is reasonable to 

assume 𝑐𝑜𝑠 𝛿 ≃ 0 and 𝑠𝑖𝑛 𝛿 ≃ 𝛿. The power flow equation in (2.8) can be written as 
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Since the virtual resistance 
vR  is usually much smaller than the virtual impedance 

vX , 

equation (2.9) can be further simplified as in the following. 
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Conveniently, the maximum power that can be delivered by the SPC is defined as 

 max

g

v
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P

X
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Provided that 𝐸 ≃ 𝑉𝑔 = 1, equation (2.11) can be also expressed in per-unit form as 
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From (2.11) and assuming that reactive power controller is considerably slower than the 

SPC. The small-signal model of the SPC can be derived as in Fig. 2.19. 

 

From the small-signal model, the closed-loop transfer function of the SPC is obtained 

as in the following. 
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Comparing the denominator  (2.13) with that of a standard second-order system, one 

might easily see that  
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where 
n  and   are natural frequency and damping ratio of the SPC. Normally, the value 

of virtual inertia is required by system operators. Thus, once the virtual is selected, the 

natural frequency can be calculated by using (2.14). Consequently, the damping coefficient 

can also be calculated for a specified damping ratio   by using (2.15). 

2.5 Conclusions 

This chapter presents the commonly used control schemes for power converters in grid-

connected applications. The main control blocks of a conventional GFL converter are 

reviewed. Particular focus has been paid to the introduction of the widely used current 

controllers and PLL scheme. Based on such basic control blocks the most popular GFM 

strategies are also revisited. Indeed, the majority of this chapter is devoted to analyses the 
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Fig. 2.19.  Small-signal model of the SPC. 
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merits and demerits of the GFM strategies. The control blocks of the GFM converters are 

divided into different layers namely grid-synchronization, electromechanical layer, and 

electromagnetic layer. Mapping the control bocks of GFM strategies into these layers 

facilitate the understanding of the functionalities and disadvantages of each implementation 

from the practicality point of view. It has been shown that GFM can be implemented 

through emulating fully or partially the equations of an SG. Among the popular 

implementations, the SPC stands out as the most suitable approach for practical applications 

due to its simplicity and effectiveness. Finally, the parameter tuning of the SPC is provided 

for facilitating the development of the controllers in the subsequent chapters. 
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       3. 
 

3 Robust Current Controller 

n the previous chapter, the grid-supporting functionalities, such as inertia emulation 

and power oscillation damping, for the reviewed grid-forming approaches are 

designed assuming the inner control loop of the power converter is stable regardless 

of the grid conditions. This is, in fact, a strong assumption because the stability of these 

inner controllers is heavily dependent on the grid strength and voltage profile. That is, the 

power converter might become unstable when the short circuit ratio of the grid decreases. 

Aiming to design a grid-connected converter that can withstand adverse grid conditions, 

this chapter presents a robust sensorless current controller suitable to be used as an inner 

controller for the grid-forming converters. The present current controller uses only 

measurements of the injected current for reference tracking and grid synchronization. The 

three most common types of grid disturbances including impedance variation, harmonically 

distorted voltages, and voltage imbalance are mathematically considered in designing the 

current controller. In addition, the controller is optimally calculated to ensure system 

stability for a predefined range of system parameters. This chapter is organized as in the 

following. Section 3.1 reviews the existing current control schemes for a grid-connected 

converter. Section 3.2 presents the mathematical modelling of a power converter, which 

serves as a basis for the design of the robust controller in Section 3.3. The comparative 

simulation and experimental results are analyzed in Section 3.4 and Section 3.5. Finally, the 

conclusions of the chapter are given in Section 3.6. The work presented in this chapter is 

based on the publication “Voltage Sensorless Control Scheme Based on Extended-State 

Estimator for a Grid-Connected Inverter, IEEE Transactions in Power Electronics, 2020”. 

3.1 Introduction 

Although most of the grid-forming control schemes focus on the improvement of the 

grid operation, the stability of the power converter itself plays a pivotal role in the system 
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as a whole. Indeed, an unstable current controller might render all the grid-supporting 

functionalities useless. As a primary objective, the power converters are designed to 

exchange the power between renewable sources or storage systems with the power grid 

[63], [64]. Besides the system stability, the number of sensors required for the control 

system of a power converter is in many cases is considered excessive [65]. That is, at least 

two current sensors and two grid voltage sensors are needed in conventional control 

schemes. Especially, additional sensors for measuring the capacitor currents are often used 

to prevent resonance issues associated with LCL-filter based converters [66], [67]. Such a 

large number of sensors increase not only the cost but the complexity of the power converter 

[68]. 

The majority of the recent control schemes proposed for the power converters try to deal 

with the resonances caused by the LCL filters. Even though the LCL filters are more 

effective in coping with switching harmonics and have smaller physical sizes, they often 

suffer from instabilities due to the resonance under weak grid conditions [5]. The existing 

approach for damping the resonances can be classified into two groups, namely, passive 

damping and active damping. In the former case, damping resistors are often connected in 

series with the filter capacitors to increase the stability margin of the converter system. Even 

though this approach is simple, the power loss caused by the damping resistor is 

unavoidable. 

On the other hand, the active damping methods are more flexible and cost-effective [5]. 

The early works in this topic focus on the use of a digital filter to attenuate the actuation 

signals at the resonant frequencies [69], [70]. In recent years, full-state feedback controllers 

have also been used to deal with the resonances caused by the LCL filters [71], [72]. This 

is because the full state feedback controller can stabilize the converter system with any set 

of parameters. In general, full-state feedback controllers often require full measurement of 

all the system states. For a three-phase grid-connected converter, three voltage sensors and 

six current sensors might be needed for implementing a full-state feedback control scheme. 

To aid the selection of the controller gains for the state feedback controller, a design 

procedure that ensures the system robustness through the linear matrix inequality approach 

is studied in [73], [74]. Similarly, [75] employs the pole placement technique to enforce the 

performance requirements into the calculation of the feedback gains. As a more intuitive 

method, a virtual resistor is also used to deal with the resonance imposed by the LCL filters 

[76], [77].  

The main drawback of the above methods is the excessive use of sensors, which 

increases not only the cost of the system but also the complexity of the control hardware 

and firmware. To alleviate such a shortcoming, voltage sensorless control schemes have 
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been investigated. These controllers often estimate the values of grid frequency and phase 

angle using only current measurements. The estimation algorithms used in these controllers 

fall into two groups, namely adaptive and linear approaches. As its name suggests, the 

former approaches make use of adaptive algorithms to estimate the grid voltages. For 

instance, both injected current and voltage estimation are achieved by using a single 

predictive controller in [68]. A combination of Kalman filter and sliding mode control are 

also used [78]. In this work, the grid voltage is estimated by the Kalman filter whereas the 

injected current is controlled by the three decoupled sliding mode controllers. Similarly, a 

control scheme composed of a deadbeat controller and an adaptive estimator is also 

presented [79]. Due to the fact that model uncertainties are taken into account in this control 

scheme, the system performance is improved significantly, especially under harmonically 

distorted voltages and low short circuit ratio. Nevertheless, the nonlinear nature of the 

adaptive algorithms hinders mathematical analyses of the closed-loop system. Therefore, it 

is not straightforward to assess the stability and robustness of the converter system. 

On the other hand, stability analyses can be easily carried out in the latter case i.e. linear 

estimator [80], [81], [82], [83]. The linear estimator can be constructed by using change of 

variables or by using state observer. That is, a change of variables is used to make it possible 

for calculating the grid voltage from the new set of variables. In the new coordinate, the 

observer dynamics and the system parameter uncertainly can be dealt with separately. 

However, this approach has only been tested with the ideal grid voltage. Inspired by the 

control system of electrical machines, an estimation method based on the virtual flux 

concept is presented in [83]. These early works demonstrated the potential of linear 

estimators. However, the stability of the converter system has not been investigated as a 

whole. Moreover, as the dynamics of the controller and the estimators are often coupled, it 

is necessary to consider simultaneously both of these control functions in the design of the 

converter system. 

From a control perspective, the above concerns can be addressed using the extended-

state estimator. That is, the state-space model of the system can be extended to contain also 

the states of the disturbance, thus transforming two coupled design processes, i.e. designing 

controller and estimator, into a single feedback regulator problem. As a consequence, the 

tracking and robustness problem can be dealt with effectively using proven control design 

techniques. In this line of work, [84] investigated the use of the internal model principle 

(IMP) to construct the disturbance model such that it can be readily added into the state-

space equation of the system. The estimated disturbance is then used as a feedforward term 

to cancel out the effect of the actual disturbance to achieve asymptotic tracking of the 

reference signal. Because most of the systems states and disturbances can be estimated 
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using the extended-state estimator, many of the sensors in the system become redundant. 

As a consequence, the extended-state estimator approach has been widely known in the 

control community [85], [86]. The recent adaptation of the extended-state estimator to 

eliminate the need for the grid voltage sensors in power converters have also been reported 

in  [82]. In this work, the extended-state estimator is employed to estimate the grid voltages 

to facilitate the current control loop. In addition to the ability to deal with grid voltage 

imbalance, it is apparent from [82] that the order of the closed-loop system is directly 

proportional to the dynamics of the disturbance. This, however, poses a challenge in tuning 

the feedback gain of the system due to the high number of gains needed to be selected in 

order to ensure not only the system performance but also its robustness. 

Aiming to design a complete framework for the current control loop of a grid-forming 

controller, this chapter presents a robust voltage-sensorless controller (RVSC) where only 

the measurements of the grid-side current sensors are required. The voltage sensorless 

controller consists of a state feedback regulator and an extended-sate estimator. The RVSC 

takes into account voltage distortion and grid impedance variation in the design of the 

controller gains. In fact, the voltage harmonic distortions are modelled in a form of state-

space equations by using IMP, whereas the grid impedance is incorporated by transforming 

the system equations into a polytopic form. The complete model of the RVS allows the 

calculation of feedback gain to be optimized using the LMI approach. 

 

3.2 Modelling of a Grid-connected Converter 

To facilitate the design and tuning of the RVSC, it is essential to obtain the state-space 

model of the power converter. Without loss of genericity, a three-phase LCL-filtered power 

converter is considered. The power circuit of the converter is shown in Fig. 3.1 in which 

1R  and 
2R  are the filter resistances, 

1L  and 
2L  are the filter inductances, Cf is the filter 

 
 

Fig. 3.1.  Power circuit of a three-phase inverter with LCL-filters.  

GridPWM 

Inverter

+

-

L1VDC
R1 Lg

ii ig

L2 R2

•

•

•

Cf
vcf

va

vb

vc

e



 
Modelling of a Grid-connected Converter 39  

 

capacitance. The grid inductance is represented by an equivalent one Lg. It is assumed that 

the resistance of the capacitor is negligible. 

From Fig. 3.1, Kirchhoff's voltage equation of the power converter can be obtained as 

in the following: 

 1

1 1

( ) ( )( )
( )

abc abcabc
c cf abci

i

v t v tdi t R
i t

dt L L

−
= − , (3.1) 

 2
( ) ( ) ( )

abc abc abc
cf i

f

dv t i t i t

dt C

−
= , (3.2) 

 2

2 2

( ) ( ) ( )
( )

abc abc abc

g cf g abc

g

di t v t e t R
i t

dt L L

−
= − , (3.3) 

where 
cv , 

ii , 
cfv , 

gi , and 
ge  are the converter output voltage, the converter-side current, 

the capacitor voltage, the grid-side current, and the grid voltage. The superscript abc

denotes that these variables are in the natural reference frame. In fact, each of the equations 

above represents a set of three equations for the three electrical phases. To reduce the 

number of the equation needed to be dealt with in the control design and analyses, the 

equation (3.1), (3.2), and (3.3) can be transformed into the stationary reference frame using 

Clarke transformation as follows: 

 1

1 1

( ) ( )( )
( )

c cfi
i

v t v tdi t R
i t

dt L L

 


−
= − , (3.4) 

 2
( ) ( ) ( )cf i

f

dv t i t i t

dt C

  −
= , (3.5) 

 2

2 2

( ) ( ) ( )
( )

g cf g

g

di t v t v t R
i t

dt L L

  


−

= − , (3.6) 

where the superscript   denotes that variables are in the stationary reference frame. 

Because the equations in the stationary reference frame are identical for axis −  and 

axis − , they can be decoupled and treated independently. Therefore, only one of the 

equations is taken into constructing the state-space equation. For the sake of simplicity, the 

superscript   will be omitted. The state equations of the power converter system can be 

derived from (3.4), (3.5), and (3.6) as 

 )()()()( twtutt cdcccccc BBxAx ++= , (3.7) 
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 )()( tty ccc xC= , (3.8) 

where [ ]T

c i cf gi v i=x , 
c cu v=  , ewc =  , and the matrices are given by 

 

1 1 1

2 2 2

1 0

1 0 1

0 1 ( ) ( )

c f f

g g

R L L

C C

L L R L L

 − −
 

= − 
 + − + 

A , (3.9) 

 

11

0

0

c

L 
 

=
 
  

B , (3.10) 

 

2

0

0

1 ( )

dc

gL L

 
 

=  
 − + 

B , (3.11) 

  0 0 1c =C . (3.12) 

To facilitate the implementation of the controller in digital microprocessors, the 

continuous-time equations in (3.7) and (3.8) can be discretized using the zero-order-hold 

approach [87]. The equivalent discrete-time state equations of the power converters can be 

obtained as in the following. 

 )(
0

)(
1)(

)(

0)1(

)1(
kwku

kx

k

kx

k
ddisdisdisdisdis









+








+














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
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   







=

)(

)(
0)(

kx

k
ky

dis

c



x
C , (3.14) 

where c sT

dis e=
A

A , 
0

s
c

T

dis ce d
 = 

A
B B , 

0

s
c

T

ddis dce d
 = 

A
B B , 0 is a zero matrix with 

appropriate dimension, the variables )(kdisx , )(ku , )(kw , )(ky  are the discrete-time 

counterpart of )(tcx , )(tuc
, )(twc

, )(tyc
, respectively. The dummy state x  is added to 

model one sample period delay in the control input signal u introduced by the PWM 

implementation. The system in (3.13) and (3.14) can be rewritten concisely as 

 ( 1) ( ) ( ) ( )dk k u k w k+ = + +x Ax B B , (3.15) 

 ( ) ( )y k k=Cx . (3.16) 
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3.3 Robust Voltage Sensorless Controller 

This section presents the main building blocks of the RVSC. From a control point of 

view, the RVSC is composed of two parts, namely the state-feedback regulator and the 

extended state observer. The overall block diagram of the RVSC is shown in Fig. 3.2. The 

extended state observer uses the measurement of the injected current to estimate system 

states as well as the grid-voltage states. The system states are then employed for the 

regulator while the grid voltage states are feedforwarded to the control input as a 

compensation component to cancel out the effect of the actual grid voltage. The estimated 

grid voltages are also used as inputs for the SRF-PLL to obtain the grid angles which are 

used to generate the references for the injected currents. In the following subsections, the 

formulation and design of these control blocks are explained in detail. 

 

3.3.1 State Feedback Regulator 

The main objective of the state-feedback regulator is to stabilize the system i.e. forcing 

the system into an equilibrium state. In this particular case, as the system is linear, the 

equilibrium state coincides with an operating point that all the states are zero. In addition, 

the regulator also plays an important role in shaping the dynamic response of the closed-

loop system. Considering that the grid impedance can vary during operation, it is necessary 

to take into account such variation in selecting the parameters for the controller such that 

the system is stable for a predefined range of the grid impedance. For this purpose, the state 

 
 

Fig. 3.2.  Block diagram of the proposed control scheme.  
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equation (3.15) can be rewritten in a polytopic form to include the uncertainties in the grid 

impedance as follows [6]: 

 )()()()()()1( kwαkukαk dBBxAx ++=+ , (3.17) 

where 

 
=

=
2

1

)())((
j

jdjd ,α, BABA  ,
=

==
2

1

.2,1,0,1
j

jj j  (3.18) 

The vertex matrices in (3.18) can be calculated by substituting the maximum and 

minimum values of Lg into the matrices ( )( )d, A B . Remark that the values of Lg directly 

reflect the impedance of the grid. 

To stabilize the converter system for a range of grid impedance, a full state feedback 

regulator is used in the RVSC. Considering the system described in (3.17), the input signals 

provided by the regular can be formalized as follows: 

 ( ) ( )u k k=Kx . (3.19) 

Substituting (3.19) into (3.17), the state equation of the converter system can now be 

rewritten as: 

 )()()())(()1( kwαkαk dBxBKAx ++=+ , (3.20) 

 ( ) ( )y k k=Cx . (3.21) 

With regard to the system stability, the system in (3.20) is considered stable if, and only 

if, the below inequalities hold [30]. 

 0
)(2














+

+

QBYQA

BYQAQ

j

T

j
 and 0Q , (3.22) 

 

where 4 4xQ  is a positive-definite matrix, )1,0(  is the decay rate which dictates 

the dynamic behavior of the system states and KQY = . In fact, the higher the decay rate 

the faster the system states converge to zero. 

To achieve the fastest convergent speed for the chosen decay rate and the variation in 

grid impedance, the feedback gain K  can be calculated from the below LMI optimization 

problem. 
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0

Minimize   subject to  (5.22)


Q . (3.23) 

In (3.23), jA  is calculated by using (3.18), and   is desired decay rate. The matrices 

Y  and Q  can be obtained by using an LMI solver e.g. LMI control Toolbox in MATLAB 

[31]. Then, the feedback gain vector can be evaluated as 
1−= YQK . 

3.3.2 Extended-state Estimator 

The main focus of the extended-state estimator is to provide the current controller with 

good disturbance rejection capability. In other words, one of the main uses of the extended 

states is to cancel out the influence of the grid voltages on the injected currents. In fact, the 

grid voltage will be estimated and used as a feedforward term for the RVSC to counteract 

the actual grid voltages. Due to the fact that both Bd () and w(k) in (3.17) contain 

uncertainties, it is more convenient to use the equivalent quantities to mathematically 

represent these two terms [87]. Since the estimated grid voltage will enter the system as an 

input signal rather than a disturbance signal, the estimated grid voltage must obey the 

following equality in order to fulfil the disturbance rejection requirement. 

  ( ) ( )d ew k w k=B B . (3.24) 

Substituting (3.24) into (3.17) yields: 

 ( 1) ( ) ( ) ( ( ) ( ))ek k u k w k+ = + +x A x B , (3.25) 

where 
ew  is the equivalent term for the grid voltage. 

Even though the magnitude and phase of the equivalent grid voltage 
ew  can vary during 

operation, the frequency of 
ew  or in other words the frequency of the grid only varies 

slightly in most cases. Considering that the grid voltages contain not only the fundamental 

component but also harmonics, the grid voltages can be mathematically modelled as 

follows: 

 )()( tt weciciweci xFx = ,  (3.26) 

 )()( ttw weciieci xH=  , (3.27) 

where 
12wecix  being the state vector of the grid voltage model, the parameter matrices 

are: 

 
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and the subscript th(6 1)i k=  , with k being a non-negative integer, indicates the order of 

the component whose angular frequency is iω . By employing the state equation given in 

(3.26) and (3.27), any order of grid voltage harmonics can be described as: 

 ( ) ( )wec c wect t=x F x , (3.29) 

 ( ) ( )ec wecw t t=Hx . (3.30) 

where:  
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H
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. (3.31) 

 

The discrete-time counterpart of (3.29) and (3.30) can be derived as: 

 )()1( kk wedwe xFx =+ , (3.32) 

 )()( kkw wee Hx= , (3.33) 

where scT

d e
F

F = . To form the extended-state estimator, the grid voltage equation in 

(3.32) and (3.33) can be added to the converter equation in (3.16) and (3.25) as 
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Equations (3.34) and (3.35) can be concisely rewritten as in the following. 

 )()()()1( kukαk eeee BxAx +=+ , (3.36) 

 )()( kky eexC= . (3.37) 

A Luenberger observer can be constructed to estimate the states of the extended-state 

model from the inverter reference voltage u(k) and the grid-side current measurement y(k) 

as follows: 

 ( 1) ( ) ( ) ( ) ( ( ) ( ))e e e e e ek α k u k k y k+ = + + −x A x B L C x , (3.38) 
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where ( )e kx  is the estimated state and L denotes the estimator gain. The estimation error 

( ) ( ) ( )e e ek k k= −x x x  can be obtained by subtracting (3.38) from (3.36) as: 

 )(~))(()1(~ kαk eeee xLCAx +=+ . (3.39) 

The estimator gain can also be optimally calculated following the procedure used to 

obtain K in the preceding sub-section (3.39). That is, the stability condition for the 

extended-state estimator in (3.38) is: 

 

2

0
( )

e e e e j e e

T

e e j e e e

 +
 
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Q Q A Y C

Q A Y C Q
 and 0e Q , (3.40) 

where 
e e=Y Q L , and (0,1)e   is the convergent speed of the estimator states. The 

matrices Qe and Ye can be obtained by computing the following LMI optimization problem: 

 
0

Minimize   subject to  (30)
e

e
 

Q . (3.41) 

Similarly, the estimator gain can be calculated as 1

e e

−=L Q Y . It is necessary to mention 

that implementing a parameter-varying estimator in (3.38) is unrealistic. Thus, it is 

important to fine constant system matrices for the estimator. Such system matrices should 

ensure that the closed-loop system is stable with calculated gain K and L. To assess the 

stability of the closed-loop system including the state-feedback regular, the extended-state 

estimator and the feedforward grid voltage ( )e k can be augmented from (3.19), (3.38), and 

Fig. 3.2 as follows: 

 
( 1) ( ) ( ) ( )

( ) ( )
( 1) ( ) ( )

x e

e

e e e x e e e e

k k
r k w k

k k

+ −         
= + +         + − + − +         

x A α B K K x B B
N

x LC A B K K LC x B 0
, (3.42) 

where [ ]x =K K 0 , [ ]e =K 0 H , r is the reference current, and N is a feedforward gain. 

Fig. 3.3 shows the flow chart diagram that summarizes the steps proposed to find the 

system matrices for the extended-state estimator. As shown, the regulator and estimator 

gains are first computed using the LMI approach. Then, different values of grid inductance 

Lg is used to evaluate the stability of the system in (3.42). The grid inductance will be varied 

from its minimum value to its maximum value with a deviation of 
gL  for every iteration. 

In each iteration, the stability of the closed-loop system (3.42) is checked by simply 

monitoring the real part of the eigenvalues. The governing principle of this design procedure 

is based on the stability condition for polytopic linear time-invariant systems [88]. As stated 

in [88], the system in (3.42) is robustly stable in the uncertain domain (3.18) if, and only if, 
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the stability holds at the vertexes of the uncertain domain. For constructing the estimator, 

any valid value of Lge can be used. 

 

To demonstrate the above design procedure, a three-phase power converter described in  

Table 3.1 is considered. As for the grid voltage, harmonics of 5th, 7th, and 11th order are 

taken into account. For the first calculation step, the regulator and estimator gains are 

computed for the decay rates of 6.0=  and 985.0=e , respectively. For selecting a 

proper decay rate, it is worth mentioning that the convergent speed of the system is inversely 

proportional to the decay rate. That is, the lower the decay rate results in the higher the 

system bandwidth. Logically, the stability margin of the system also reduces as the system 

bandwidth increases. Once K and L are obtained, the remaining steps can be literately 

 
 

Fig. 3.3.  Proposed design procedure of determining grid impedance values in the implementation of 

extended-state estimator to ensure a stable closed-loop system. 
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computed to obtain the range of Lge for constructing the estimator. For the given design 

parameters, the valid inductance values are calculated as [0.2, 0.9] mHgeL  . 

 

 

The stability of the closed-loop system can be numerically validated by using the root 

locus method. Fig. 3.4 shows the root loci of the closed-loop system described in (3.42) for 

different values of Lg. It is shown that, as the grid inductance increases, some of the 

eigenvalues move closer to the boundary of the unit circle. Indeed, the system becomes 

unstable as soon as the grid inductance surpass 105 mHgL = . Regardless, for the 

predefined range of grid inductance [0 9] mHgL = − , the system remains stable. This result 

validates the robustness of the proposed control scheme again the variation in the grid 

inductance. 

Table 3.1.  Parameters of the three-phase inverter 

Symbol Quantity Value 

P Nominal inverter power 2.5kVA 

E Nominal grid line-line voltage 220V 

fg Nominal grid frequency 60Hz 

VDC DC-link voltage 400V 

R1/R2 Filter resistance 0.5/0.3Ω 

L1/L2 Filter inductance 1.7/0.9mH 

Cf Filter capacitance 4.5μF 

Lg Grid inductance: 
Min. 0.0mH 

Max. 0.9mH 

 

 
 

Fig. 3.4.  Eigenvalue map of the closed-loop system when Lg varies from 0 to 105 mH. 
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3.3.3 Reference Tracking and Grid Synchronization 

   The above procedure ensures that any influence of the grid voltage on the injected 

current is asymptotically rejected by employing estimated grid voltage. Indeed, the state 

space equation of the controller depicted in Fig. 3.2 can be derived as in (3.43).  

 ( 1) ( ) ( ) ( ) ( ) ( ) ( )e ek k k w k r k w k+ = + − + +x A α x BKx B BN B  (3.43) 

   It is obvious from (3.43) that the system states are decoupled from the grid voltage in 

the steady-state where the estimated grid voltage is identical to the real grid voltage  

e ew w = . In fact, feeding back estimated grid voltage cancels out the effect of not only 

the grid voltage but also parameter variation. In this regard, Fig. 3.5 shows that the gain and 

phase of the closed-loop system at the targeted frequencies remain constant for different 

values of Lg. In many cases, the strength of the grid is indicated by the short-circuit ratio 

instead of the grid inductance. 

The short-circuit ratio can be calculated from the grid inductance by using the following 

formula: 

 
2

2

1

ω 1g g

q E
SCR

L Pq
=  

+
, (3.44) 

where q denotes the X/R ratio of the grid impedance.  

Because the gain and phase of the RVSC-controlled power converter are completely 

decoupled from the grid voltage and inductance variation in the steady-state, the 

feedforward gain N can be calculated such that the closed-loop system exhibit a unity gain 

and zero phase delay at the fundamental frequency the grid. For the converter system 

described in Table 3.1, the feedforward gain N can be calculated from (3.43) at the 

fundamental frequency as follows: 

 
o1

( 7.0779 ) 9.4162 7.0779
0.1062

= − −  = N . (3.45) 

Instead of the measured grid voltage, the estimated grid voltage can be used to obtain 

the grid phase angle which is needed to generate the references for the injected currents. In 

fact, it is even more advantageous to use the estimated voltage because the voltage 

components are separated. That is, the estimator acts as a series of band-pass filters which 

separate the grid voltage into fundamental and harmonic components.  For the PLL, it is 
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to use only the fundamental component. Thus, the PLL will not be affected by the harmonic 

voltages. As a result, a conventional SRF-PLL [89] can be used in conjunction with the 

RVSC even if the grid voltage is highly distorted. The fundamental component of the grid 

voltage can be extracted from the estimated states by using (3.46) 

 f ee = Wx , (3.46) 

where 1 4 1 7[ 1 ] = −W 0 0 . 

In the steady-state where 
e ew w = , Equation (3.43) can be simplified as: 

 ( 1) ( ) ( ) ( ) ( )k k k r k+ = + +x A α x BKx BN . (3.47) 

Equation (3.47) implies that the RSVC is completely not affected by the grid voltage in 

the steady-state. Furthermore, the effect on the variation in grid inductance is also taken 

into account as an input parameter in section 5.3.1 and section 5.3.2. As a consequence, the 

 

Fig. 3.5.  Frequency responses of the closed-loop system in (32) when 1N = , 0ew = , and 

{0.0, 0.3, 0.6, 0.9}gL =  mH. Values in parentheses indicate the magnitude gain and phase delay of 

corresponding response at 60 Hz.  
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RSVC is capable of coping with grid voltage disturbances as well as grid inductance 

variation. 

 

3.4 Simulation Results 

To validate the performance of the RVSC, simulations using PSIM software have been 

conducted. The parameters of the power converter are given in Table 3.1. Decay rates and 

other control parameters of the regulator and the estimators are identical to those calculated 

 

Fig. 3.6.  Simulation results under grid voltage dip of 25% at t = 0.2 s. (a) Control scheme presented 

in [82]. (b) Proposed control scheme. 
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in section 5.3. Two grid voltage profiles are used in the following simulations: (1) ideal grid 

voltage, (2) unbalanced and harmonically distorted grid voltage. In the latter profile, there 

is a 20% reduction in the a-phase voltage and all the phases are polluted with 5th, 7th, and 

11th harmonics of 10%, 10%, and 5% of the nominal magnitude. The total harmonic 

distortion (THD) value of the abnormal voltage profile is 15%. 

To highlight the performance of the RVSC over existing controllers, the controller 

reported in [82] is also adopted for comparisons. Fig. 3.6 shows the simulation results of 

both control schemes in an event of a grid voltage dip of 25%. It is clear that the two 

controllers show similar transient responses in the injected currents. Upon the occurrence 

of the event, the two controllers took about 10 ms to bring the power converters back to a 

steady state. Also, there is a peak in the injected currents. However, such an overshot is still 

within acceptable limits. 

 

Fig. 3.7 shows the response of the two controllers under unbalanced and distorted grid 

voltages. As shown in Fig. 3.7a, as the grid voltages are superimposed with unbalanced and 

 

Fig. 3.7.  Simulation results for control and estimation performance under the grid voltage change at 

t = 0.12 s. (a) Control scheme presented in [23]. (b) Proposed control scheme. 
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distorted components at t = 0.2 seconds, the grid-side currents become unacceptably 

distorted in the case of the controller in [82]. Because the distorted current is highly 

distorted, the estimated voltages are also noticeably affected. This shortcoming of the 

controller in [82] is even more visible in the error in the bottom waveform. On the other 

hand, as shown in Fig. 3.7b, the RVSC can effectively deal with the harmonics in the grid 

voltage on the injected current with a transient period of approximately 15 ms. Such a good 

disturbance rejection capability of the RVSC is obtained by the incorporation of the grid 

model in the controller.  

 

 

Fig. 3.8.  Simulation results for control performance under the grid impedance change at t = 0.12 s. 

(a) Control scheme presented in [23]. (b) Proposed control scheme. 
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In a similar way, Fig. 3.8 shows the performance comparison of the two control 

controllers when there is a sudden change in grid inductance at 0.12 seconds. As can be 

seen from Fig. 3.8a, the controller in [82] is not able to stabilize the power converter under 

such a condition. However, as demonstrated in Fig. 3.8b, such a variation in grid inductance 

merely affects the operation of the converter when the RVSC is used. In fact, the converter 

currents only suffer considerably short transience. This property of the RVSC is achieved 

by using the LMI approach to consider the variation of the grid inductance in the design of 

the RVSC. 

In comparison to the existing controller, the proposed scheme provides better control 

performance in case of distorted grid voltage and parameter variation. The shortcoming of 

the existing controller to cope with abnormal grid voltage is because the proportional 

resonant (PR) controller and the estimator consider only the fundamental frequency 

component [82]. As a result, the existing controller is not able to eliminate the harmonic 

component in the injected currents. Furthermore, the variation in grid inductance was not 

taken into account in [82]. In fact, the ability to deal with parameter variation in [82] is 

merely a by-product effect instead of a design criterion. On the contrary, as demonstrated 

in section 3.3, both the abnormal voltage and parameter uncertainties are considered as 

design inputs in the RVSC. That is, the parameter variation is taken into account in the 

proposed controller by using the polytopic representation and LMI-based tuning technique. 

In addition, the grid voltage abnormality is modelled by using the IMP approach as shown 

from (3.29) to (3.35). As a result, the RVSC can withstand both the grid inductance variation 

and adverse grid voltage. Concretely, the ability to cope simultaneously with different types 

of uncertainties sets the RVSC apart from the existing controllers. 

3.5 Experimental Results 

To further validate the practicality of the proposed control scheme, the experiments 

using a three-phase 2.5 kVA prototype grid-connected inverter have been performed. The 

prototype grid-connected inverter is implemented using an intelligent power module (IPM) 

PM50RL1A120 with the turn-on and turn-off dead times of 1 μs within the DSP. The system 

parameters, the control gains, and the grid conditions are the same as those used in the 

simulations. The entire control scheme is implemented using 32-bit floating-point DSP 

TMS320F28335 with a clock frequency of 150 MHz. The sampling and switching 

frequencies are chosen as 10 kHz. To emulate the grid, a three-phase programmable AC 

power source (PACIFIC Power Source 320-ASX) is connected to the filters through a 

transformer (PACIFIC M99211). 
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Fig. 3.9 shows experimental waveforms of the proposed control scheme during the start-

up process which is one of the most critical tasks faced by voltage sensorless control 

schemes. As can be seen from Fig. 3.9, it takes about 30 ms for the estimated grid voltages 

to reach the actual values. Such transience can also be obtained from the estimated grid 

voltage angle. The waveforms of grid-side currents confirm a stable inverter operation 

during the start-up process. 

 

Fig. 3.10 shows the experimental results of the proposed control scheme when the ideal 

grid voltages are suddenly changed into unbalanced and distorted voltages and Fig. 3.11 

shows the experimental results when there is a step-change in reference currents under an 

unbalanced and distorted grid. All the experimental results are well-matched with the 

simulation waveforms in Fig. 3.7. It is confirmed from these experimental results that the 

proposed voltage sensorless control scheme which uses only the grid-side current 

measurements operates stably as well as effectively even in such a severe grid environment. 

 

Fig. 3.9.  Experimental results of the proposed control scheme during start-up process. 

e e ee

θ θ

G
ri

d
 v

o
lt

ag
e

G
ri

d
 v

o
lt

ag
e

G
ri

d
 v

o
lt

ag
e
 a

n
g
le

G
ri

d
-s

id
e
 c

u
rr

e
n
t

gai gcigbi

Time [10 ms/div]

Time [10 ms/div]

Time [10 ms/div]

Time [10 ms/div]

ae cebe

[100 V/div]

[100 V/div]

[2 rad/div]

[4 A/div]



 
Experimental Results 55  

 

 

As also seen in Fig. 3.9 and Fig. 3.10, the estimated grid voltages well assemble the actual 

grid voltages. However, there is a small difference in magnitude between the actual and the 

estimated voltage because of the imperfection of the experimental system. It should be also 

noted that such steady-state mismatch in estimated voltage does not affect the estimated 

grid angle and tracking performance of the proposed control scheme. 

To investigate the quality of injected currents experimentally, Fig. 12 shows the 

experimental results of the proposed control scheme under unbalanced and distorted grid 

voltages. In spite of the abnormal grid voltages, the grid-side currents are considerably 

sinusoidal. In fact, according to the FFT result of a-phase current, the harmonic contents of 

injected currents well satisfy the limits specified by the grid interconnection regulation 

IEEE 1547 with the THD value of only 2.44%. 

 

Fig. 3.10.  Experimental results of the proposed control scheme when the grid voltage changes from 

the ideal condition to unbalanced and distorted one. 
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Fig. 3.11.  Experimental results of the proposed control scheme when the reference current 

undergoes a step change. 
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Fig. 3.12.  Experimental results for steady-state response of the proposed control scheme under 

unbalanced and distorted grid voltage. 
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3.6 Conclusions 

This chapter has presented a robust voltage sensorless controller (RVSC) for a three-

phase power converter. The RVSC not only controls the converter system in a stable manner 

under uncertain grid impedance but also ensures harmonic-free injected currents by using 

only the grid-side current measurements. Structurally, the proposed scheme mainly consists 

of a state-feedback regulator and an extended-state estimator. Furthermore, the IMP and 

LMI approach have been employed to consider various types of grid disturbances. As 

opposed to the existing approach, the RVSC offers a complete framework for designing a 

controller which can cope with grid voltage distortion and impedance uncertainties at the 

same time. Comparative simulation and experimental results under different operating 

conditions have shown significant improvements in control performance by using the 

RVSC. More importantly, the RVSC can be used for the current control loop of a grid-

forming converter to ensure the stability of the electromagnetic loop. 

 





 
 

 
 CHAPTER 

       4. 
 

4 External Synchronous Controller 

his chapter presents a new implementation approach that aims to facilitate the 

adaptation of the grid-forming concept in industry real-world applications. This 

new design concept allows the implementation of grid-forming functionalities in 

a power converter without requiring modification to its internal control firmware. Section 

4.1 introduces the overall concept of external controller-based implementation. Section 4.2 

presents the external synchronous controller for a single converter unit. In Section 4.3, the 

implementation of the external synchronous controller is extended for a renewable power 

plant. Finally, the summary of the chapter is given in Section 4.4. The work presented in 

this chapter is based on the publication “External Inertia Emulation Controller for Grid-

Following Power Converter, IEEE Transactions on Industry Applications, 2021”. 

4.1 Concept 

4.1.1 Philosophy 

As discussed in Chapter 2, most of the existing grid-forming methods assume full liberty 

in modification of the internal control firmware of the power converter. However, it is not 

always straightforward to upgrade such firmware in practice because of the additional 

development effort and time are required. As a consequence, the actual deployment of the 

grid-forming converter is still limited to laboratory and small-scale demos even though this 

concept has been introduced more than two decades ago. 

Taking advantage of communication channels available in the power converter, grid-

forming functions can be implemented in external control hardware rather than the internal 

controller of the power converter. The external controller can compute the appropriate 

reference needed for providing grid-supporting functions to the power converter. This 

design concept eliminates the need of upgrading power converter firmware. Thus, this 

T 
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approach can be applied to any grid-following power converter, eventually enabling the 

existing power converter to work as a grid-former.  

The conceptual design of the external controller-based approach is illustrated in Fig. 4.1. 

Without loss of genericity, the power converter is assumed to (i) be able to operate under 

adverse grid conditions and (ii) to have a reasonable reference tracking performance. This 

requirement is to ensure that the power converter is able to follow the reference generated 

by the synchronous external controller without a significant delay. In this implementation, 

the grid-forming functions are implemented in the synchronous external controller. Such 

controller receives measurements from the power converter or measurement devices at the 

PCC through a communication channel. According to these measurements, the external 

synchronous controller computes appropriate references for the power converter. Both 

measurements and references can be transferred through a communication channel. 

 

4.1.2 Design Considerations 

Depending on the communication bandwidth, the grid-forming functions which can be 

implemented externally might include black start, inertia emulation, and power oscillation 

damping. In most cases, power converters are equipped with fieldbus communication 

interfaces such as CAN, Modbus, or EtherCAT [90]. Such communication is often used for 

exchanging operational data between power conversion systems and central control stations 

[91]. Among the most popular protocols used for grid-connected converters, the CAN bus 

suffers from a relatively high communication delay. This is because the maximum 

allowable baud rate is only 1 Mbps according to the protocol standard. However, the actual 

baud rate depends on cable length. In practice, baud rates from 125 kbps to 500 kbps are 

often used. 

For high-power converters, Modbus are more common, especially, Modbus TCP/IP. As 

this protocol use Ethernet as a physical layer, the turnaround time of the protocol is much 

less than that of the CAN bus. The communication speed offered by Ethernet is usually 10 

Mbps, 100 Mbps, or even 1000 Mbps. The main delay is caused by the transport layer due 

Grid-forming 

functions

Grid-following 

power converter

References * *,P Q

Measurements , ,g g gv i f

External 

synchronous controller
Fieldbus communications Power converter

 

Fig. 4.1.  Concept of external synchronous controller. 
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to the connection-oriented nature of the TCP protocol. Indeed, the delay is the result of the 

overhead for establishing the connection between sending and receiving hosts. In practice, 

the turnaround time between a computer and a power converter via Modbus range from 20 

to 50 ms depending on the networking capacity of the power converter.  

Most recently, EtherCAT has been also used in power electronic systems. As this 

protocol is oriented for automation systems, it is optimized for determinism, speed, and 

robustness. In fact, the minimum achievable scan cycle is approximately 1 ms for 100 

devices with a 100 bytes payload per device. A shorter scan cycle can be achieved with 

EtherCAT Automation Protocol (EAP). Our laboratory experiments reveal that turnaround 

of around 100 µs can be achieved with EAP in a peer-to-peer connection between a 

computer and a power converter. 

For designing the external synchronous controller, it is vital to consider the delay 

introduced by communication delays. In fact, if EAP is available, a delay of around 100 µs 

allows the most demanding functions e.g. black start and resynchronization to be 

implemented in the external synchronous controller. However, with the delay of around 50 

ms with Modbus TCP, only electromechanical functions are relevant for the external 

synchronous controller. 

4.2 External Inertia Emulation Controller 

To demonstrate the above concept, this section presents an implementation of the inertia 

emulation function using the external synchronous controller, hereafter referred to as eIEC. 

The main objective of the eIEC is to force the GFL converter to provide a synthetic inertia 

response for arresting frequency excursion during a frequency event. The eIEC will allow 

a GFL converter to operate as a GFM one to provide inertia support for improving the 

frequency stability of the power system. 

4.2.1 Grid Model for Frequency Stability Analysis 

Generally, an equivalent single-area system is often employed to assess the frequency 

stability of power systems [92], [93]. Due to the high share of renewables and recent 

instability incidents, the Nordic system is an exemplary model [94]. The system parameters 

are summarized in Table 4.1 [95]. It can be seen from Fig. 4.2 that the grid model is of 5th 

order. As the PI controller, the low-pass filter, and the servo models can be further 

simplified by using the balanced truncation method as shown in Fig. 4.3. Such a 

simplification does not only facilitate the analysis of the controller performance but is also 

beneficial to real-time simulations during the validation. 
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From Fig. 4.3, the closed-loop transfer function of the reduced model is obtained as: 
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To validate the accuracy of the reduced model, Fig. 4.4 shows the response of the grid  
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Fig. 4.2.  Simplified model of the Nordic power system. 

Table 4.1.  Parameters of the Nordic system. 

 Definition Symbol Value 

 Filter time constant Tt 0.5 s 

 Proportional gain kp 2 pu 

 Integral gain ki 0.49 s-1 

 Droop coefficient Ep 0.05 pu 

 Servo time constant Ty 0.2 s 

 Water time constant Tw 0.5 s 

 Inertia time constant M 9.8 s 

 Frequency dependent load D 0.9 pu 

 Coefficient a0 0.02265 

 Coefficient b0 0.4531 

 Coefficient b1 0.9937 

 Frequency deviation for load shielding  1.5 Hz 

 RoCoF for load shielding  0.18 Hz/s 
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frequency during load of 0.02 pu is connected at 5 seconds. It can be seen that the dynamics 

of the two models are considerably similar. Indeed, the two response shares ROCOF value 

and frequency nadir differ slightly. Consequently, the reduced model is sufficient for 

accessing the performance of the external synchronous controller. 

4.2.2 Model of a Grid-following Power Converter 

Fig. 4.5 shows a conventional grid-following power converter, which is connected to 

the grid through an LCL filter. The electrical strength of the grid is modelled by the 

equivalent impedance characterized by the resistance of Rg and inductance Lg. The control 

system of the power converter consists of a power controller and a current controller. The 

main objective of these two controllers is to track the power references Pref and Qref  in a 

stable manner. For synchronization purposes, the grid phase angle is estimated by a phase-

locked loop (PLL) that is constructed on the synchronous reference frame. The dynamic 

relation from the active power reference to injected power can be generally defined as 

(s)PCG . Consequently, the complete model of the grid and the power converter is 

constructed as in Fig. 4.6. 
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Fig. 4.3.  Reduced model of Nordic power system. 

Fig. 4.4.  Response of equivalent and reduced model for Nordic power system. 
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4.2.3 Control Structure 

Fig. 4.7 shows the overall configuration of the external synchronous controller and the 

grid-following power converter. For a single converter unit, it is reasonable to assume that 

the ESC received the measurement at the PCC through the same communication channel 

used for sending the reference power. The measurements might include measured active 

power P and grid frequency ωg. The grid frequency can be measured by the PLL of the 

power converter. 
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Fig. 4.5 Configuration and control of a typical grid-following power converter. 
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Fig. 4.6.  Grid model with power converter integrated. 
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Fig. 4.7.  Overall block diagram of the ESC implementation. 
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The control block diagram that is implemented in the external controller is shown in 

Fig. 4.8. Aiming to provide the inertia response to the grid-following power converter, the 

inertia emulation controller implements mainly the electromechanical equation. The inertia 

constant can be adjusted through the parameter 
vH . The swing equation of the 

electromechanical part can be given as in (4.2). 

 1

1
( )

2 v

G s
H s

=  (4.2) 

 

The difference between deviations of virtual angle frequency 
v  and the measured 

grid frequency 
g  are used to calculate the angle deviation as: 

 ( )0( ) ( ) ( )v gs s s
s


   =  − , (4.3) 

where 0  denotes the nominal angular frequency. 

As references for most GFL power converters are in a form of active and reactive 

powers, it is desirable to convert the angle deviation into active power. By using the well-

known power flow equation, active power reference can be expressed as a function of angle 

deviation as: 

 ( )2 2
cos( ) sin( )inv

V inv g inv g

ref

PCP
V

R V V X V
R X

  −  + 
 

=
+

, (4.4) 

where 
invV  and 

gV  denote the amplitudes of inverter output voltage and grid voltage, 

respectively, and vR  and vL  represent the virtual resistance and inductance, respectively. 

Assuming 0vR = , sin( )    , and 1inv gV V  , the power flow equation can be 

rewritten as: 
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Fig. 4.8.  Overall block diagram of the proposed control scheme. 
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Combining (4.2), (4.5), and the transfer function of the grid-following power converter 

( )PCG s  yields: 
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To increase the damping ratio of the closed-loop system, the damping coefficient 
vD  is 

used as a feedback gain. The input signal for the damping block is taken after the summation 

block to avoid static gain that often introduces inherent droop characteristics in 

conventional SPC implementation. The damping of the closed-loop system can be adjusted 

through the damping coefficient. That is, the damping of the system is proportional to the 

value of 
vD . Remark that, setting a high value for 

vD  might result in slower transience of 

the closed-loop system.  

It is reasonable to consider that the settling time of the grid-following power converter 

range from 20 to 50 ms. Such dynamics are relatively fast compared to inertia response 

which lasts for a few seconds. Therefore, the transfer function of the grid-following power 

converter can be assumed to be unity, ( ) 1PCG s = . As a consequence, the closed-loop 

transfer function can be obtained as: 

 
0

2

0( )

( ) 2ref v v v v

P s

P s H X s D X s




=

+ +
,  (4.7) 

 
0

2

0( )

( ) 2

v

v v v

v

vg

P s

s H X s D X s

D X s 

 
=

+ +

+
. (4.8) 

Note that (4.7) and (4.8) are in the form of second-order systems whose natural 

frequency is: 

 
0
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n
H X


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Generally, the virtual inertia constant  
vH  is often required by the system operator based 

on grid codes. For the ease of parameter tuning, the damping coefficient 
vD  can be 

expressed in terms of desired damping ratio   as in (4.10).  
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v

v v

vHD
H X


=  (4.10) 

Employing (4.8), the frequency characteristics of the eIEC toward a grid frequency 

event can be illustrated as in Fig. 4.9, where the dashed lines indicate the lower and upper 
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cut-off frequencies which are approximately 1 and 3 Hz, respectively. Such frequency limits 

indicate that the eIEC has low susceptibility to high-frequency noises which are often of 

abundance in the frequency measurements due to the switching. This property suggests that 

eIEC is more stable in practical implementation than those based on frequency derivatives. 

 

It is evident from Fig. 4.7 that the communications will introduce an unavoidable delay 

in the control loop. Such a delay can deteriorate the overall performance or even destabilize 

the system. Therefore, it is paramount to investigate the influence of the communication 

delays on the behavior of the eIEC as well as the stability of the grid. 

The delay, which is caused by the forward path for sending reference refP  and the 

feedback path for reading measurement signals g  and P , can be given as 

 
d ref fbT T T= +  (4.11) 

where 
refT  is the time required for power reference 

refP  to reach the power converter. 

Similarly, 
fbT  is the time needed for the feedback signals g  and P  to arrive at the eIEC. 

For the ease of latter analysis, the communication delay is approximated by using the first-

order Padé approximant as: 
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Fig. 4.9.  Frequency response of the eIEC to grid frequency according to (8). 
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Taking into account the communication delay, the control block diagram depicted in 

Fig. 4.8 might be extended as in Fig. 4.10 where a time delay transfer function is introduced 

between the virtual impedance block and the power converter block. 

 

 

 From Fig. 4.9, equation (4.6) is can be rewritten as: 

 
2 2( ) (s) (s)d dG s G G= . (4.13) 

From Fig. 4.6, (4.1), (4.2), and (4.13), the transfer function that combines the power 

converter, the eIEC, and the grid can be obtained as follows:  
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Fig. 4.10.  Closed-loop system with communication delay. 

 

Fig. 4.11.  Root locus of (14) with different values of  
commT , 

vD , and 
vX . 
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where the Laplace operator s  has been omitted in (4.14) for simplicity. Remark that (4.14) 

is a fifth-order system. For such a high order system, root locus and frequency response 

techniques can be used to investigate its dynamic behaviour. 

 

For illustration, assuming that the virtual inertia, virtual impedance, and damping ratio 

are chosen as: 5vH s= , 0.3vX pu= , and 0.707 = , respectively. The damping 

coefficient can be obtained from (4.10) as: 145vD . From (4.14), a root locus for various 

values of  
commT , 

vD , and 
vX  can be obtained as in Fig. 4.11. The arrows show the changes 

of the system poles when communication delay, damping coefficient, or virtual impedance 

increases. It is clearly shown that the increment of communication delay forces the 

Fig. 4.12.  System response to a load connection of 0.05 pu at 5 s for different values of 
commT : (a) 

Grid frequency, (b) Active power injected by grid-following power converter. 

(a)

(b)
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oscillatory pole to move closer to the imaginary axis. Such a movement of the pole indicates 

the decrement in damping ratio and stability margin. In fact, the closed-loop system 

becomes unstable when the communication delay 
commT  reaches 100 ms.  

Since all the parameters of the eIEC are virtual, they can be adjusted to increase the 

stability margin of the system. In general, the virtual inertia constant 
vH  is set by the 

operator, leaving the virtual impedance 
vX  and the damping coefficient 

vD  as potential 

tuning parameters. It is evident from Fig. 4.10 that the 
vX  is inversely proportional to the 

power reference produced by eIEC. Therefore, by decreasing 
vX , it is possible to reduce 

the net gain of eIEC. In a similar manner, 
vD  can also be increased to compensate for the 

time delay.  

In addition to stability, the performance of the eIEC is also of importance. Fig. 4.12 

shows the response of the grid frequency and active power reference under a load step event 

by using (4.14). Fig. 4.12a confirmed that the eIEC help to reduce the RoCoF and frequency 

nadir values. That is, the highest frequency deviation is decreased to 0.1 Hz, while the 

RoCoF value is decreased by 32%. Also, Fig. 4.12b illustrates the active power injected by 

the power converter. As soon as the communication delay reach 50 ms, the active power 

injected by the grid-forming power converter becomes noticeably oscillatory. Such 

oscillatory behaviour is due to the movement of the closed-loop pole toward the right-hand 

side of the s-plane. 

Fig. 4.13 shows the system frequency and the active power injected by the converter for 

a load connection event. As illustrated, the inertia response is directly proportional to the 

inertia constant 
vH . Remark that the system dynamics is also slightly influenced by the 

inertia value. That is, increasing the virtual inertia make the response more oscillatory, 

indicating a lower stability margin. Generally, the inertia constant of the generators within 

an electrical area are usually dictated by system operators to avoid undesired interactions 

such as electromechanical oscillations. Thus, it is convenient to calculate  
vD  according to 

desired inertia constant 
vH . 

Even though disturbances of around 5% are often considered for small-signal analyses 

[93], [96], more severe events might occur in power systems in real operations. To analyse 

the performance of the eIEC in the events where RoCoF values are particularly high, 

simulations with a load event of 0.2 pu is performed. For such a significant event, the grid 

suffers from a RoCoF value of approximately 0.98 Hz/s as shown in Fig. 4.14. Despite the 

severity of the perturbation, the eIEC still perform properly to improve the frequency 

behaviour of the grid. Indeed, for all the values of communication delays, the eIEC helps to 

reduce the RoCoF values up to 0.66 Hz which is only 67% of the RoCoF value in the base 
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case. This improvement is proportional to the results shown in Fig. 4.12. Concretely, the 

eIEC is effective in improving the frequency stability of the grid even in extreme events. 

 

4.2.4 Hardware-in-the-Loop Validation 

To investigate the performance of the proposed eIEC in experimental settings, HIL 

simulations have been carried out. The setup for such simulations is conceptually described 

in Fig. 4.15(a) and the hardware implementation is illustrated in Fig. 4.15(b). In this setup, 

the grid model in Fig. 4.3 and the converter circuit in Fig. 4.5 are simulated by a real-time 

simulator (Typhoon HIL 602+). The inner controllers of the converter including power 

controller, current controller, and PLL are implemented by a digital controller based on 

Fig. 4.13.  System response to a load connection of 0.05 pu at 5 s for different values of 
vH : (a) 

Grid frequency, (b) Active power injected by the grid-following power converter. 

(a)

(b)
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TSM320F28335. The parameters of the grid-following power converter are summarized in 

Table 4.2. 

 

 The proposed eIEC is tuned under the assumption that the grid-following converter 

fully complies with respective grid interconnection codes and is supplied by a sufficient 

source on the DC side. The eIEC is implemented in a programable logic controller 

manufactured by Beckhoff (CX9020). The communication link between the programable 

logic controller and the power converter controller is based on EtherCAT Automation 

Protocol (EAP) which allows high communication speed e.g. up to 1 ms turnaround time. 

Employing such a high-speed communication link allows for emulating various settings for 

communication delay. For instance, Fig. 4.16 shows experimental measurements of 

communication delays for an EtherCAT Automation Protocol (EAP) link with different 

settings of PLC scan cycles. For the HIL experiments, turnaround times of 10, 30, 50, and 

90 ms are considered to emulate the delay caused by the common fieldbus protocols.  

With regard to the grid-synchronization of the power converter, a conventional 

synchronous reference frame phase-locked loop (SRF-PLL) is employed [97]. For all the 

simulations, the bandwidth of the SRF-PLL is set to 50 Hz which results in a settling time 

of approximately 20 ms. To emulate a perturbation, a load of 0.05 pu is connected at the 

PCC at the 5th-second. Remark that the 0th-second in the time axis of the following HIL 

results denotes the starting time of data acquisition instead of the starting instance of 

experiments. 

Fig. 4.14.  Grid frequency following a load connection of 0.2 pu for different values of 

communication delay. 
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Fig. 4.15.  Hardware-in-the-loop experimental testbed: (a) configuration. (b) hardware setup. 
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Fig. 4.16.  Communication turnaround time for different settings of EAP. 
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Fig. 4.17 shows the HIL results of the eIEC for different communication configurations. 

It is clearly shown the injected power is superimposed with high-frequency harmonics due 

to switching. Such harmonic distortions are common in power converters. Yet, the influence 

of harmonics on the system performance is minimal. That is, the HIL results are very similar 

to simulation results based on transfer functions in Fig. 4.12. Similarly, Fig. 4.18 shows the 

HIL results of the eIEC for different values of virtual inertia. This result practically confirms 

that the active power provided by the eIEC to support the grid frequency can be determined 

by the 
vH . As shown, for 1vH s= , 3vH s= , and 5vH s= , the maximum amplitude of 

the active power are 0.01, 0.02, and 0.03 pu, respectively. 

As discussed in the preceding section, the communication delay is one of the main 

factors determining the stability and performance of the closed-loop system, especially 

when the delay value is higher than 20 ms. As shown in Fig. 4.19, the oscillatory terms in 

the injected active power are unnoticeable when the communication turnaround time is 10 

ms. However, as soon as the time delay increases to 90 ms, the oscillatory poles move 

toward the imaginary axis, as shown in Fig. 4.11 giving rise to a poorly damped behaviour 

of the injected active power. Remark that the oscillation frequency observed in Fig. 4.18 is 

the same as that of the pole depicted in Fig. 4.11. As a result, the HIL results validate the 

practicality of the eIEC. Moreover, these results also confirm the theoretical analyses 

performed during the parameter design phase. 

4.2.5 Experimental validation 

One of the key advantages of the eIEC is to be readily applicable to commercial 

converters without any modification on the control firmware of the converter. To 

Table 4.2.  Parameters of the Nordic system. 

 Definition Symbol Value 

 Nominal power Pn 100 kW 

 Nominal voltage Vn 400V 

 Grid frequency fg 50 Hz 

 Switching frequency fsw 3150 Hz 

 Sampling frequency fs 6300 Hz 

 DC bus voltage VDC 750 V 

 Inverter-side inductance L1 778 µH 

 Inverter-side resistance R1 7.3 mΩ 

 Grid-side inductance L2 402 µH 
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demonstrate the key merits of the eIEC, experiments have been carried out. The objectives 

of the experiments are to verify that 

i)   the ESC can provide an inertia response, 

ii)  the ESC can be readily applicable to commercial GFL converters, 

iii) the ESC enables remote controlling, parameterizing, and troubleshooting high-level 

control applications for power converters. 

 

 

Fig. 4.17.  HIL results for different values of communication delay. (a) Grid frequency, (b) Active 

power injected by the grid-following power converter. 

(a)

(b)
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Fig. 4.18.  HIL results for different values of virtual inertia. (a) Grid frequency, (b) Active power 

injected by the grid-following power converter. 

 

(a)

(b)

 

Fig. 4.19.  HIL results for maximum allowable communication delay. 
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The control structure used for experiments is shown in Fig. 4.20. For generalization 

purposes, a conventional GFL converter is considered. The GFL converter is controlled by 

a cascaded control scheme which is made of a power controller and a current controller. For 

designing the eIEC, the exact structure of the control system of the GFL converter is not 

required. However, it is reasonable to assume the power controller of the GFL converter 

has a settling time of at most 20 ms so that dynamics of the GFLC can be omitted.  

 

To achieve the aforementioned objectives the experimental system is set up as in Fig. 

4.21. The experimental setup consists of two stations. The remote station located in 

Luxembourg hosts the remote engineering PC for controlling and data acquisition from the 

local testing site which is located in Spain. The two engineering PCs are connected through 

a virtual private network (VPN) for a remote desktop connection. The ESC is implemented 

in a Beckhoff programable logic controller (PLC) model CX1020 with a 1 GHz processor. 

The PLC is connected with the local engineering PC through the automation device 

specification (ADS) protocol for operational control, programming, and data acquisition. 

For control purposes, the PLC communicates with the GFLC through Modbus TCP/IP 

protocol. The GFLC, which is controlled by a TMS320F28335 microcontroller, has a rated 

power of 500 kW and is manufactured by JEMA energy. The nominal line voltage and 

frequency for the GFLC are 400 V and 50 Hz, respectively. 
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Fig. 4.20. Interconnection between external controller and the GFL converter. 
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Fig. 4.22 shows the transient dynamics of the GFLC. This result reveals the dynamics 

of the internal controller of the GFLC. It can be seen that the injected currents reach a steady 

state in around 20 ms. This is consistent with the assumption made in section III to simply 

the parameter tuning and analysis of the ESC. Indeed, the setting time of the GFLC is well 

shorter than the delay caused by the communication between ESC and GFLC. Therefore, it 

is reasonable to omit the dynamics of the GFLC when analysing the electromechanical 

behaviour of the ESC-GFLC. 

From experimental data, the turnaround delay between ESC and the GFLC is less than 

20 ms for Modbus TCP/IP connection. Therefore, a sampling period of 20 ms is configured 

in the experiments for reflecting the normal operating conditions of the system. Fig. 4.23a 

shows the inertia response of the ESC-GFLC when 20 msdT = and a negative step change 

of 1Hz in grid frequency is introduced at around 36 seconds. As clearly shown, the ESC-
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Fig. 4.21.  Experimental setup. 
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GFLC injects active power of around 100 kW or 0.2 pu to support the grid frequency 

regulation. This inertia response well matches the simulation results shown in the previous 

section. 

 

Even though the turnaround time is 20 ms for this system, the delay could go up to 80 

ms in rare cases due to packet dropout or network congestions. Thus, it is important to make 

sure that the system does not become unstable in such unusual instances. Fig. 4.22b shows 

the inertia response of the ESC-GFLC when 100 msdT =  and a step-change of -1Hz in grid 

frequency is introduced at just before 442 seconds. The results confirm that the closed-loop 

system remains stable regardless of the high value for delay. However, due to the low 

damping, the system suffers from oscillations, which is well consistent with the analysis 

and simulation in the previous sections. 

The results presented in Fig. 4.23 confirmed that the ESC-GFLC is able to provide 

inertia response in a stable manner for a predefined range of communication delays, which 

fulfils the objective (i). Note that the GFLC is loaded with the original control firmware 

provided by the manufacturer for all the experiments, thus fulfilling the objective (ii). 

Finally, the experiments have been completely conducted from the remote engineering PC 

at the remote testing site. This explains the staircase waveforms in Fig. 4.23. The staircase 

waveform of injected active power is because of the low data acquisition rate at the 

engineering PC. The fact that the ESC enables experimentation on a utility-scale power 

converter through a distance of thousands of kilometres suggests the ESC might act as an 

information gateway for system operators to gain control of high-level functions grid-

connected power converters. This feature is not only limited to synthetic inertia but can 

 

Fig. 4.22.  Transient response of the GFL converter under a step change in active power reference. 
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easily be extended for other grid-supporting functionality such as power oscillation 

damping and voltage control. 

 

4.3 External Synchronous Controller for a Power Plant 

The application of an external synchronous controller is not limited to a single power 

converter but can be easily extended to renewable power plants. In fact, most renewable 

power plants are controlled by a central controller which communicates all the power 

converters within the plant via a Fieldbus communication. As a result, GFM functions can 

be implemented in the central control of the renewable power plant. This section briefly 

describes the implementation of ESC for a PV power plant. 

 

 

Fig. 4.23.  Inertia response of the eIEC when (a) 20dT ms=   and (b) 100 msdT = . 
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4.3.1 Control Structure 

Provided that renewable power plants often consist of a large number of power 

converters, the measurements at the PCC for the central controller is usually provided by 

an independent measurement unit connected to the PCC. Fig. 4.24 shows the control 

structure for a GFM controller using external control hardware. The presented control 

consists of four parts: the power loop controller (PLC), the reactive power controller, the 

angle deviation calculator, and the power reference generator. Similar to the SPC, the PLC 

implement a swing equation to provide inertia and necessary damping. The reactive power 

employs a PI controller for regulation purposes. The synchronous frequency provided by 

the PLC is integrated to obtain the synchronous angle which is then later used together with 

measured grid voltage for calculating the load angle through Park’s transformation. From 

the load angle   and reference voltage e , the power to be delivered by the power converter 

are calculated as: 

 ( )2 2
cos sinPCC

v PCC v v v v v

v v

V
P R V E X E

R X
   = − + +

, (4.15) 

 ( )2 2
cos sinPCC

v PCC v v v v v

v v

V
P R V E X E

R X
   = − + +

. (4.16) 

The reference power P  and Q  can be used to generate the references for each power 

converter through the proportional gain 
ik k obtained from (4.17). 
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Fig. 4.24.  ESC implementation for a renewable power plant. 
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4.3.2 Validation 

To validate the ESC implementation for a PV power plant, a scaled-down system 

depicted in Fig. 4.25 is used. The targeted system consists of four GFL power (Danfoss: 

FC-302P2K2T5E20H1) which are controlled by digital controllers based on a 

microcontroller TMS320C28335. The dc-link voltage is supplied by a 20 kW dc voltage 

source (MagnaPower: TSD1000-20). A 30 kVA transformer is used for interfacing the 

converters with the grid. The experimental setup is shown in Fig. 4.26. The ESC algorithm 

is implemented in a control board based on a TMS320C28335 DSP which communicates 

with each power converter via CAN communication at a bandwidth of 125 kps 

Fig. 4.27 shows the comparison results for the SPC-GFM controller for each power 

converter and the ESC under a load step. It can be seen that, in both cases, the power 

converters inject active power to support the grid under such perturbation. These responses 

demonstrate that both control schemes provide inertia responses to the grid. Nevertheless, 

as explained earlier, the dynamic responses of the SPC-GFM controller are not satisfactory 

due to the unequal power-sharing characteristic during transients. Such a mismatch in active 

power is caused by the difference in grid impedance between each converter and the PCC. 
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Fig. 4.25.  Overview of experimental setup for validating ESC implementation. 
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The transient power mismatch might create power oscillations at PCC thus worsening the 

power quality. On the contrary, the ESC allows the power converter to provide equal power 

participation of all GFL converters during transience. Such improvement is achieved 

because the electromagnetic layer is common for all power converters meaning that the 

connection impedance is virtually the same for all generation units. It is evident that the 

ESC offers better dynamic performance compared to conventional GFM implementation. 

Moreover, modification to the internal control firmware of each power converter is also 

avoided. 
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Fig. 4.26. Experimental setup for the system in Fig. 4.25. 
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Fig. 4.28 shows the damping performance of the ESC-based PV power plant. The 

system under test consists of a PV power plant connected to a strong grid. A synchronous 

generator is connected at the PCC to emulate power oscillations.  The configuration of the 

test system is illustrated in Fig. 4.28a. As shown in Fig. 4.28b where the ESC is tuned with 

a low damping profile, the system suffers from noticeable oscillations which are typically 

due to the low damping nature of the SG connected at the PCC. As soon as, the damping of 

the ESC is increased, the dynamic response of the active power injected by the PV power 

plant is considerably improved. That is, the oscillatory terms in the injected active power  

(a)

(b)
 

Fig. 4.27.   Experimental results of ESC for a PV power plant under a load step for (a) SPC-GFM 

controller implemented for each power converter and (b) the ESC controller. 
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Fig. 4.28.   Damping performance of the ESC. (a) Test system, (b) ESC with 44.796cG e−=  and 

8.186c = ,  (c) ESC with 42.741cG e−=  and 14.326c = . 
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are nearly eliminated. This result confirms that the ESC implementation is able to enhance 

the small-signal stability of power systems without the need to modify the firmware of the 

individual power converter. 

4.4 Conclusions 

This chapter presents a new implementation method, namely external synchronous 

controller, for transforming a GFL converter into a GFM converter. That is, GFM functions 

can be implemented in external controller hardware which interacts with the GLC converter 

through a communication link. Depending on the communication bandwidth, different 

GFM functions can be implemented. For instance, electromechanical dynamics can be 

possible for most Fieldbus communication as demonstrated in section 4.2. However, for a 

faster link, part of electromagnetic functions can be also considered as in Section 4.3. For 

demonstrating the practicality of this new implementation, validation for the system with 

only one power converter and a system with multiple converters have been tested 

experimentally. The results clearly confirm that the ESC, if properly designed, might 

provide a similar dynamic response compared to conventional GFM schemes. The 

advantages of the ESC are more vividly in the case of renewable power plants where the 

ESC can provide better performance with minimal modification on the existing system 

infrastructure. 
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5 Power Oscillation Damper for Grid-

forming Converters 

rid-forming power converters have been increasingly used in power systems as 

an ultimate solution to address the challenges imposed by the ever-increasing 

renewable integration. In spite of its versatility, GFMC has only been utilized to 

provide islanded operation, grid regulations, and synthetic inertia. To broaden the 

application of GFMC in improving the stability of power systems, this chapter presents a 

multi-rotor virtual machine (MRVM) controller to deal with electromechanical oscillations. 

Motivated by the well-known virtual synchronous machine (VSM) concept, the MRVM 

aims to design a VSM-based GFMC with multiple virtual rotors whose electromechanical 

behaviour are separately tenable to damp specific oscillatory modes in power system. The 

remainder of this chapter is organized as follows. Section 5.1 review the existing approaches 

to deal with power oscillations using power converters. Section 5.2 analyses the impact of 

a grid-forming power converter in damping sub-synchronous oscillations, aiming to 

highlight the limitation of GFM when dealing with oscillations of higher frequencies. 

Section 5.3 presents the concept and design of the MRVM. The tuning principle for the 

MRVM is given to facilitate the selection of the control parameters by using frequency-

domain techniques and the eigenvalue locus analyses. Section 5.4 summarizes the key 

points of the chapter. The work presented in this chapter is based on the publication “Multi-

Rotor Virtual Machine for Grid-Forming Converter to Damp Sub-Synchronous 

Resonances, IEEE Access, 2021”. 

5.1 Introduction 

Sub-synchronous resonances (SSR) exist inherently in power systems due to the power 

exchange between generators when interconnected through long transmission lines [98], 

[99]. This phenomenon was observed and investigated since the very early development 

G 
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stages of power networks. However, the advent of renewable energies has attracted a 

renewed interest in power oscillations within the frequency range of 0.1 to 2.0 Hz [100]. 

Indeed, the increasing deployment of converter-based generations is not only reducing the 

damping of the existing oscillatory modes but also introducing new ones [2]. Such an 

influence of renewable generation degrades the performance of the power system because 

operators must enforce more conservative limits on the admissible power transfer on 

transmission lines to retain the system stability. These restrictions, however, increase 

considerably operational costs leading to social welfare reduction [101]. Therefore, 

damping of subsynchronous resonances is essential in terms of stability and efficiency.  

Power System Stabilizer (PSS) has been one of the most efficient approaches for 

increasing damping to low-frequency modes. Usually, PSSs are implemented as an 

additional feature of the excitation system of the generator [102]. There are different types 

of PSS and also various tuning procedures [103]. In most cases, the PSS parameters are set 

upon plant commissioning and rarely updated [104]. To achieve optimal results, the 

placement of the PSS as well as its tuning are of importance. With converter-based 

generation units displacing many of the existing conventional power plants [105]: (i) 

suitable PSS deployment sites will become rarer and (ii) the number of already deployed 

PSS will decrease and so will the damping of critical modes. 

Similar to PSS for conventional generators, power oscillation dampers have been also 

presented for flexible alternating current transmission systems (FACTS). For example, the 

sliding mode controller has been proposed in a static synchronous compensator 

(STATCOM) [106]. Likewise, the robust linear quadratic regulator is used in a thyristor-

controlled series compensator (TCSC) to damp electromechanical modes [107]. Various 

damping approaches for FACTS devices are summarized in [108] and [109]. Due to the 

increasing installation of renewables and energy storage systems (ESS), the use of power 

converters for dealing with electromechanical interactions in electrical networks has 

become even more feasible and practical. Noticeably, optimal tuning techniques and 

proportional-integral-derivative controller have been employed in ESS [110] and 

photovoltaic systems [111] to damp low-frequency oscillations. 

However, the aforementioned techniques only aim to maximize the SSR damping of the 

power converter, which is not always desirable. In fact, in addition to damping oscillations, 

power converters often need to provide the functionalities and services to withstand and 

support the grid during adverse operations, for instance during voltage sags and low-inertia 

periods [112], [113]. As a result, it is often difficult to implement separately the individual 

controller for each of the functionalities such that the closed-loop system can operate stably 

and reliably. 
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To address such a limitation, the grid-forming converter (GFMC) concept has been 

introduced in the late 2000s. GFMC refers to a group of control techniques which control 

grid-connected converters as a voltage source [114], [115]”. As per ENTSO-E, a GFMC 

should be able to support the operation of the ac power system under normal, alerted, 

emergency, blackout and restoration states without having to rely on services from 

synchronous generators [16]. Indeed, the GFMC, especially those based on VSM e.g. the 

synchronous power controller (SPC), enable unifying various functionalities in a cascaded 

control scheme [116]. Various functionalities of the SPC such as current control, voltage 

control, power control, inertia emulation, droop control, and power oscillation damping 

have been demonstrated experimentally [116].  

Similar to a synchronous machine, the SPC can damp SSR through its virtual admittance 

and virtual inertia. For adjusting the damping active power injected by the SPC, an 

analytical method is presented in [26]. As demonstrated in [26], the participation of the SPC 

in suppressing the low-frequency oscillations might be improved by properly setting the 

values of the virtual inertia and the damping coefficient. However, because the damping 

coefficient also dictates the dynamic characteristics of the SPC, decreasing the value of the 

damping ratio as proposed in [26] certainly degrades the overall behaviours of the GFMC. 

To address such a drawback, frequency selective strategies have also been suggested in 

[117] and [118]. However, there are not any studies that cope with the implementation of 

such frequency-selective SSR damper for GFMC systematically. 

This chapter presents a new control concept, i.e. multi-rotor virtual machine (MRVM), 

for enhancing the damping performance of GFMC while ensuring its overall dynamic 

behaviour. That is, the MRVM take advantage of the high flexibility of the power converters 

to implement virtual machine with multiple rotors to deal with different oscillation mode 

simultaneously. Indeed, by implementing several rotors (instead of only one as in the case 

of VSM), the MRVM can be adjusted to damp selectively low-frequency modes. 

Frequency-domain techniques and modal analyses approaches are used to obtain the 

optimal damping for the MRVM. The MRVM is validated in simulation with the three-

machine infinite bus (3MIB). 

5.2 Damping SSR with Grid-Forming Converters 

For studying the performance of GFMC in coping with LFO, the SPC-based GFMC 

(SPC-GFMC) is taken into consideration. Generally, the SPC-GFMC is made up of three 

control loops to provide three types of grid functionalities, shown in Fig. 5.1. The current 

controller makes sure that the currents exchanged with the grid track their references 

asymptotically with minimal settling times. As required in many grid codes [119], the 
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current controller also needs to minimize the harmonic terms in the injected currents 

regardless of the grid voltage conditions. Similarly, the voltage controller, which is based 

on a virtual admittance, can be set to provide reactive power support [120]. The virtual 

admittance can be seen as the stator windings of a synchronous machine. The power 

controller of the SPC-GFMC usually emulates the electromechanical behaviour of a 

synchronous machine through the implementation of the swing equation. This controller 

provides most of the grid functionalities such as grid synchronization, inertia emulation, 

and/or power oscillation damping etc. 

Because these three control loops are almost dynamically decoupled from each other, 

the dynamics of the current and voltage control loops can be omitted when designing the 

power controller of the SPC-GFMC [121]. Such an assumption is valid in most cases, 

because LFO often ranges from 0.1 to 2Hz [122], while current and voltage dynamics 

belong to a much higher frequency spectrum. As suggested by [121], the SPC-GFMC can 

be modelled for small-signal analysis as in Fig. 5.2, where H and D demote the virtual 

inertia constant and virtual damping coefficient, respectively, 
0

g  denotes the nominal grid 

frequency,   is the virtual rotor angle, 
eP  is the tracking error in the active power, and 

vY  denotes the virtual admittance. Since the dynamics of the virtual admittance is 

considerably faster than that of the power controller, only the RMS value of the virtual 

admittance is taken into account for the sake of simplicity. Remake that the SPC-GFMC 

has 2 inputs, namely the active power reference 
refP  and the grid frequency 

g . The 

only output of the system is the active power exchanged with the grid P . 

 From the small-signal model in Fig. 5.2, the closed-loop transfer functions from the 

inputs to the output can be obtained as in the following: 
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Fig. 5.1.  SPC-based GFMC connected to an infinite bus. 
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Because (5.1) and (5.2) are in the form of a second-order transfer function which is often 

given by the following transfer function; 
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where   and 
n  denotes the damping ratio and natural frequency. 

In practice, the damping of the system is often specified by damping ratio ζ instead of 

the damping coefficient D. Consequently, the damping coefficient D can be calculated from 

the damping ratio ζ using (5.3) as follows: 

 2 08 v gD HY  = . (5.4) 

Fig. 5.3 shows the frequency characteristics of the closed-loop system from grid 

frequency input 
g  to output active power P . For achieving a well-damped dynamic 

response for the SPC-GFMC, the damping ratio   is usually chosen to be 0.71 = . As 

illustrated in Fig. 5.4 which shows the step response of the SPC-GFMC according to (5.1), 

the step response of the active power is rather stable with negligible overshoot with the 

chosen value of the damping ratio. Additionally, Fig. 5.3 shows that the SPC-GFMC 

exhibits high gain at low frequencies i.e. below 1 Hz. This indicates that the SPC-GFMC 

can provide effectively damping to SSR. Such damping, however, can be insignificant to 

SSR whose frequencies is higher than 1 Hz because of the considerable phase difference at 

higher frequencies. Indeed, the phase lag reaches around 45 degrees at 1.5 Hz.  

1

2Hs D+

1

s
vY0ωg

refP ω

ωg

 P
eP

 

Fig. 5.2.  Small-signal model of SPC-GFMC. 
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For improving the dynamic response of the SPC-GFM converter, a tuning approach is 

presented in [26]. Basically, such an approach tries to decrease the phase delay by tuning 

the controller damping ratio  . As depicted in Fig. 5.3, the phase delay reduces as soon as 

the damping ratio becomes slower. This results in improved damping at higher frequencies, 

i.e. above 1 Hz. This approach might be useful in applications where damping of low-

frequency oscillations is the main objective. However, it can be clearly seen from Fig. 5.4 

that decreasing the damping ratio adversely affects the overall dynamic performance of the 

SPC-GFMC. Indeed, the lower the damping ratio the higher the overshoot of the step 

response. In other words, this method increases the damping capabilities by reducing the 

overall system stability. This is not desirable as system stability needs to be ensured at all 

times. Moreover, decreasing the damping ratio also reduces the gain at lower frequencies, 

causing the degradation of damping performance against interarea modes. Hence, this 

method is not suitable for dealing with multiple modes simultaneously. 

On the other hand, the work in [123] demonstrated that frequency-selective damping 

methods might offer better performance in suppressing LFO. Motivated by such a 

demonstration, this chapter coins a new concept, namely MRVM, to fully exploit the 

virtualization paradigm in controlling GFMC. That is, instead of emulating a conventional 

VSM, MRVM will implement a virtual machine that consists of multiple virtual rotors to 

attenuate simultaneously several modes in the power system with a high degree of 

controllability. 

 

Fig. 5.3.  Frequency response of SPC-GFM connverter according to  (5.2). 
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 Assuming that frequencies of the oscillatory modes are well-detected by using the 

techniques presents in [117] and [124], this chapter will be focused on analysing the 

operation and design of the MRVM, and not the detection of the oscillations’ frequency.  

5.3 Multi-Rotor Power Oscillation Damper 

5.3.1 Control Structure 

Fig. 5.5 shows the overall concept of the configuration of the MRVM. Like synchronous 

generations, the MRVM consists of two parts, namely the mechanical part and the electrical 

part. The latter aims to emulate the electromagnetic characteristic of an SG. For such a 

purpose, the electrical part implements a virtual admittance block. The dynamic behaviour 

of this block can be adjusted through the virtual resistance 
vR  and the virtual inductance 

vL . Similarly, the mechanical part of the MRVM is responsible for the electromechanical 

behaviour of the MRMV-GFM converter.  

Conventionally, a GFM algorithm tries to emulate the dynamics of an SG by 

implementing a swing equation of some kind. This approach is quite effective and simple 

for implementation. However, as pointed out in the previous section, the swing equation 

poses certain limitations in dealing with SSR at higher frequencies. Unlike SGs, the control 

system of power converters is more flexible which can realize more complex transfer 

functions. Motivated by this rationale, the MRVM aims to implement an electromechanical 

layer that is made up of several swing equations. Each of the equations can be seen as a 

virtual rotor that is tailored to achieve a specific objective. For instance, one of the virtual 

rotors is tuned to provide exclusively for synchronization and inertia response, while other 

 

Fig. 5.4.  SPC-GFM converter for a step change of 0.5 pu in active power. 
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virtual rotors are parameterized to target underdamped oscillatory modes. Such design will 

allow not only provide multiple control functions but also give a higher level of flexibility 

in configuring such functions. 

As can be seen from Fig. 5.5, the virtual rotor can be easily realized by using the well-

known swing equation or any other transfer functions. It is worth pointing out that these 

virtual rotors are assumed to be operating in parallel producing synchronous frequencies. 

Such synchronous frequencies are combined to generate the net synchronous frequency 

which is used as an input for the electromagnetic layer. Due to the fact that the virtual rotors 

are designed for a specific frequency, it is vital to separate the input signal of each rotor 

such that the frequency components in the input signals of virtual rotors are not identical. 

Otherwise, the dynamics of the rotor might be strongly coupled resulting in a highly 

complex control loop that might not be easy to be parameterized. 

 

More specifically, the primary rotor, rotating at the frequency of 
0 , can be configured 

by selecting properly the parameter set  0 0,H D  to provide the synchronization and inertia 

response for the GFM converter. At the same time, the remaining virtual rotors, rotating at 

the frequencies of 
1  and 

2 , can be adjusted with the parameter sets  1 1,H D  and 

 2 2,H D , respectively, to provide a controllable damping effect to different underdamped 

oscillatory modes. By doing so, the damping participation of MRVM-GFM converter to 

SSR can be maximized in a selective manner without comprising substantially the overall 

dynamic performance of the power converter. 

The detailed realization of the MRVM-GFM converter is shown in Fig. 5.6. While the 

electromagnetic layer, i.e. the virtual admittance is inherent from the SPC-GFM converter, 

the structure of the electromechanical layer is significantly modified to cope with multiple 
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Fig. 5.5.  Conceptual presentation of the proposed MRVM. 
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SSR in the power systems. Besides the additional virtual rotors for oscillatory modes, a 

decoupling network is also employed for providing signal filtering. The decoupling network 

is made of two band-pass filters and crossed feedback interconnection for the cancellation 

of filtered signals in the other branch to improve the overall filtering performance. The 

decoupling network is indeed important to decouple the dynamics among the virtual rotors. 

As a result, the decoupling network makes selective attenuation of the underdamped modes 

possible. Moreover, by separating the dynamics of the virtual rotors, the tuning of the 

control parameters is also significantly simplified. 

 

5.3.2 Parameter Tuning 

In general, several underdamped modes exist in power systems. Electromechanical 

modes, often determined by generators’ inertia, line impedances, governors, and AVRs, are 

in the frequency range of 0.1 to 2 Hz. According to the nature of the electromechanical 

interactions among the generators or the group of generators, these electromechanical 

modes are divided into intra-area (local) and inter-area modes. The typical oscillatory 

frequencies of interarea modes range from 0.1 to 0.8 Hz. Similarly, the power oscillations 

among generators in the same electrical normally fall into a higher range frequency e.g. 

from 0.7 to 2 Hz [125]. 

For the sake of simplicity, two electromechanical modes, local (1.25 Hz) and interarea 

(0.4 Hz), are considered for demonstrating the working principle of the MRVM-GFM 

strategy. As explained earlier, these frequencies can be estimated in real-time by a 

prediction algorithm and thus such frequencies are assumed to be known in this Chapter. It 

is obvious from Fig. 5.7 that the conventional SPC-GFM converter can only produce 
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Fig. 5.6.  Detailed block diagram of the proposed MRVM. 
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significant damping to interarea mode thanks to the high gain and low phase lag at 0.4 Hz. 

Nevertheless, the local mode is clearly out of the scope of the SPC-GFM controller because 

of the significant phase displacement i.e. nearly 40 degrees. 

 

For the sake of simplicity, the electromagnetic layer of the MRVM can be compactly 

rewritten as: 

 
0

( )ma

v

g
G s

X s


= , (5.5) 

with 
vX  being the virtual impedance. 

Similarly, the virtual rotors realizing the swing equations can be mathematically 

represented as: 

 ,

1

2
sw i

i i

G
H s D

=
+

, (5.6) 

where subscript 0i = , 1i = , and 2i =  indicates the parameter set for the virtual rotors 

targeting the overall dynamics, the interarea mode, and the local mode, respectively.  

In addition to the crossed-feedback interconnection of filtered signals, the decoupling 

network also implements a band-pass filter for each virtual rotor. The band-pass filters are 

represented in terms of transfer functions as: 

 

Fig. 5.7.  Frequency response of an SPC-GFMC and target LFO modes. 

Interarea 

mode

local 

mode

Frequency (Hz)



 
Multi-Rotor Power Oscillation Damper 97  

 

 
2

1 1

2

1 1 1

1 2
( )

2bp

s
G s

s s

 

  +
=

+
, (5.7) 

 
2

2 2

2

2 2 2

2 2
( )

2bp

s
G s

s s

 

  +
=

+
, (5.8) 

where 
1  and 

2  are desired frequencies, and 
1  and 

2  are the damping ratios of the filters. 

To assist the controller analyses and parameter tuning, Fig. 5.6 is rearranged as in Fig. 

5.8 in which the coupling interactions are replaced by transfer functions. For doing so, the 

decoupling network is equivalently rewritten in terms of transfer functions as in the 

following: 
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0 1 2( ) 1f f fG s G G= − − . (5.11) 

It is worth remarking that the Laplace operator s is omitted on the right-hand side of (5.9), 

(5.10), (5.11) for a more simple presentation. 

 

According to (5.5), (5.6), and Fig. 5.8, the closed-loop transfer functions of the MRVM-

GFM controller can be obtained as: 
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Fig. 5.8. Equivalent block diagram of the MRVM-GFM converter. 
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From the control diagram shown in Fig. 5.8, the control parameters can be adjusted to 

optimize the damping contribution of the MRVM-GFM controller. To streamline the tuning 

procedure for the rotors’ parameters, it is convenient to select the damping ratio of the band-

pass filters as the standard value of 1 2 . Different from the band-pass filters which are 

only employed for implementing the decoupling network, the swing equation for each 

virtual rotor dictates the damping participation of the MRVM-GFM controller to a specific 

mode. Since there are three swing equations in the MRVM, it is more straightforward to 

tune their parameters one after another. Even though it is not mandatory, the virtual rotors 

for most undamped modes can be adjusted first to meet the required stability requirement. 

Then, one can continue to tune other virtual rotors. 

 

To demonstrate the tuning procedure, the parameter set of the VMRM-GFM are given 

as in Table 5.1. Remark that the final values of 1  and 2  are calculated at the end of the 

tuning process. Even though all the parameters are adjustable, only two parameters are 

necessary for determining the damping participation of the MRVM-GFM converter. These 

parameters are the damping ratios of the additional virtual rotors. From Fig. 5.8 and Table 

 

Fig. 5.9.  Phase and gain at 0.4 Hz (blue) and 1.25 Hz (red) for different values of 1  

High gain and low phase lag
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5.1, the frequency responses of the MRVM-GFM converter obtained from the grid 

frequency 
g  to the output power P can be illustrated as in Fig. 5.9 and Fig. 5.10. The 

former figure shows the gain and phase displacement of the MRVM-GFM converter at 

targeted modes 0.4 Hz (inter-area mode) and 1.25 Hz (local mode) when the damping ratio 

1  is increased from 0.2 to 1. It can be easily seen that as 
1  varied, only the gain and phase 

displacement of the converter at 0.4 Hz are changed, meaning that the damping ratio 
1  

alters mainly the dynamic responses of the VMRM-GFM converter to the oscillations at the 

frequency of 0.4 Hz. This is possible because of the decoupling network. Furthermore, it is 

obvious that the damping ratio 
1  is to some extent proportional to closed-loop gain and 

inversely proportional to phase displacement. In fact, as the damping ratio increases, the 

gain of the MRVM-GFM converter also increases whereas its phase displacement declines. 

According to [122], the damping to SSR is maximized when the phase displacement 

approaches zero and the gain is as high as possible. Such a requirement is roughly translated 

into the shadowed region in Fig. 5.9. In such a region, the gain is considerably high while 

the phase delay is noticeably low. Indeed, this region can be considered as a generic setting 

of the MRVM-GFM converter in case the details of the grid model are unknown. 

 

Table 5.1.  Parameters of the MRVM 

Symbol Definition 
Tuning 

1  

Tuning 

2  

Final 

value 

1  Centre frequency of band-pass filter 

(rad/s) 
0.4 0.4 0.4 

1  Damping ratio of band-pass filter 0.707 0.707 0.707 

2  Centre frequency of band-pass filter 

(rad/s) 
1.25 1.25 1.25 

2  Damping ratio of band-pass filter 0.707 0.707 0.707 

0H  Inertia constant (s) 5 5 5 

0  Damping ratio 0.707 0.707 0.707 

1H  Inertia constant (s) 5 5 5 

1  Damping ratio [0.3, 1] 0.707 0.8 

2H  Inertia constant (s) 5 5 5 

2  Damping ratio 0.707 [0.2, 1] 0.31 

0

g  Grid nominal frequency (Hz) 60 60 60 

vX  Virtual impedance (pu) 0.3 0.3 0.3 
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As soon as appropriate damping for the interarea mode is determined, a similar 

procedure can be conducted to identify the most suitable value for the damping ratio
2 . 

Fig. 5.10 illustrates the frequency response of the VRVM-GFM converter at 0.4 Hz and 

1.25 Hz for different values of the damping ratio 
2 . Thanks to the decoupling network, 

the damping ratio 
2  affects only the gain and phase displacement of the VRMR-GFM 

converter at 1.25 Hz. From such frequency characteristics, one can easily determine the 

feasible region for the damping ratio 
2 . Indeed, the shadowed region shown in Fig. 5.10 

specifies the range of values for 
2  where the phase displacement is negligible, and the 

gain is highest. As shown in the figure, since the variation in gain is unremarkable, the 

overall damping participation is largely dictated by the value of the phase delay. Such a 

tuning procedure is not only useful to identify tentative parameter sets for the MRVM-GFM 

converter but also is essential for understanding the working principles of the controller. 

 

The aforementioned parameter tuning procedure can be summarized as follows: 

Input parameters: 0H , 0 , vX , 
0

g , 1 , and 2  

Tuning parameters: 1H , 2H , 1  or 1D , 2  or 2D , 1 , and 2   

Step 1: set 
1 2 1 2 = =  to have well-damped filters. 

Step 2: set 1 2 0H H H= =  for simplification. 

Step 3: set 
2 0 =  and use (5.13) to find a high damping range for the damping ratio

1 . 

Step 4: Select a value for 
1 , then use (5.13) to high damping range for the damping ratio.

2 . 

 

Fig. 5.10.  Phase and gain at 0.4 Hz (blue) and 1.25 Hz (red) for different values of 2  

High gain and low phase displacement
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Step 5: If the simulation model of the target power system is available, step 3 and step 4 can 

be repeated with the modal analysis approach to fine-tune the values of 
1  and 

2 , 

which will be illustrated in the following section. 

It is to remark that there are in fact only two tuning parameters, 
1  and 

2 , after the 

simplification made in step 1 and step 2. 

5.3.3 Simulation-based analysis 

To validate the proposed MRVM, the three-machine-infinite-bus (3MIB) system is 

adopted. 3MIB is an IEEE benchmark system that is commonly used to assess PSS 

performance when multiple modes are considered [126]. The parameters of the generators 

are detailed in Table 5.2. Overall, the 3MIB system is made up of three generators (G1, G2, 

and G3) connected to an infinite bus. Due to insufficient damping, generators G1 and G2 

oscillate against generator G3, resulting in local or intra-area oscillations at 1.25 Hz. In 

addition, the three generators oscillate against the infinite bus at the frequency of 0.4 Hz 

forming an interarea mode. To represent renewable generations in the 3MIB, a grid-

connected power converter of 200 MVA is connected to bus B5 through a step-up 

transformer T7_5. The modified 3MIB for validating the MRVM-GFM is shown in Fig. 

5.11. The control parameters of the MRVM are adopted from Table 5.1 and are the same 

for all simulations unless otherwise specified. The entire system is modelled and simulated 

by using the DIgSILENT PowerFactory software to obtain the eigenvalues and time-domain 

results. The eigenvalue loci are obtained by running hundreds of simulations for all possible 

values of the damping ratios. 

 

Fig. 5.12 shows the dominant modes of the modified 3MIB system for the two cases: (i) 

base case in which the power converter is equipped with a GFL controller, and (ii) when 

the conventional SPC-GFM controller is used for the power converter. It is clear from Fig. 

 

Fig. 5.11.  Modified three-machine-infinite-bus system. 
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5.12 that the system suffers from small-signal instability because the real part of the 

interarea mode has a positive value. Once the SPC-GFM controller is used, the interarea 

mode shifts towards the stable region resulting in a damping ratio of 8%. This improvement 

in damping indicates that the SPC-GFM can stabilize the interarea mode. On the contrary, 

the local mode is nearly unaffected by the SPC-GFM controller. This is in fact matching 

with the conclusion drawn in the previous section that the SPC-GFM controller is unable to 

dampen oscillatory modes whose frequency is higher than 1 Hz. Indeed, the SPC-GFM only 

moves the damping of local mode to just above 3% which is substantially lower 

requirements according to grid codes where at least 5% damping is required [127]. 

 

To tune the parameters of the MRVM-GFM controller, the feasible ranges for the 

damping ratio in the previous section can be employed if the exact knowledge of the power 

system model is unavailable. However, when the system model is available, the values of 

the damping ratios for the MRVM-GFM controller can be further refined using the 

eigenvalue loci. For instance, Fig. 5.13 shows the trajectories of dominant modes when the 

damping ratio 1  is increased from 0.4 to 1. It is clear that the damping ratio of interarea 

mode is improved from around 3% to approximately 11% by increasing 1 . As soon as the 

1  reach 0.9, the damping of interarea mode begins to reduce because of the increment in 

the phase displacement as discussed in the previous section. Thus, the damping ratio can be 

eventually selected as 1 0.8 = . Compared to the SPC-GFM controller, the damping of 

interarea mode is moved from 8% to 11%. This result confirms that the MRVM-GFM 

controller does not only help system stability but also it gives a certain degree of freedom 

 

Fig. 5.12.  Low-frequency modes of the modified 3MIB system. 

Interarea mode

Local mode
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to achieve the desired damping. Remarkably, the characteristics of local mode are nearly 

untouched by varying 
1 . 

 

Provided that 
1 0.8 = , Fig. 5.14 shows the eigenvalue trajectories of the modified 

3MIB system for different settings of 
2 . It can be observed that 

2  can substantially 

enhance the damping ratio of the local mode. That is, as the value of 
2  is being reduced, 

the damping ratio of local mode is moved from 2% to nearly 6.5% at 
2 0.31 = . Such 

enhancement of the damping ratio reveals that the MRVM-GFM controller performs 

significantly better than the SPC-GFM controller which can only increase the damping ratio 

to just above 3%. Furthermore, there is a certain coupling effect between the damping ratio 

2  and the interarea mode even though such coupling effect is negligible. This coupling 

effect is, however, an advantage because it moves the interarea mode further to the stable 

plane, bringing the damping ratio of the interarea mode to 12%. 

Fig. 5.13 and Fig. 5.14 indicates that (i) the feasible regions calculated by using the 

single converter infinite bus system in Fig. 5.6 encloses the optimal values for the MRVM-

GFM even with an actual grid; (ii) the tuning of the control parameters is nearly independent 

meaning that the virtual rotors can be individually designed; (iii) MRVM-GFM controller 

is more effective than conventional GFM controller in dealing with SSR. 

 

Fig. 5.13.  Eigenvalue locus of the 3MIB system when MRVM is employed and 
1  is varied. 
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Fig. 5.14.  Eigenvalue locus of the 3MIB system when MRVM is employed and 
2  is varied. 

Table 5.2.  Parameters of the generators 

Parameters 
Generator 

G1 G2 G3 

      S  [MW] 1560 1560 890 

      
nf  [Hz] 60 60 60 

      
dX  [pu] 0.89 0.89 1.72 

      
qX  [pu] 0.66 0.66 1.68 

      
dX   [pu] 0.36 0.36 0.49 

      
qX   [pu] 0.36 0.36 0.8 

      
dX   [pu] 0.29 0.29 0.34 

      
qX   [pu] 0.29 0.29 0.34 

      lX  [pu] 0.28 0.28 0.27 

      
aR  [pu] 0 0 0 

      
sH  [s] 4.5 4.5 3.86 

      
0dT   [s] 5.1 5.1 5.3 

      
0dT   [s] 0.06 0.06 0.048 

      
0qT   [s] 0.094 0.094 0.066 
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To further validate the performance of the MRVM-GFM controller, time-domain 

simulations of the modified 3MIB system have been carried out. Fig. 5.15 presents the 

simulation results of the system considering different controllers for the grid-connected 

converter. The conducted test cases are: (i) GFL controller, (ii) SPC-GFM controller, (iii) 

MRVM-GFM controller with only one virtual rotor targeting the interarea mode, and (iv) 

MRVM-GFM controller with two virtual rotors targeting both interarea mode and local 

mode. To emulate a small-signal perturbation, a reactive load of 50 Mvar is connected to 

B5 at t = 1 second and then disconnected at t = 1.1 seconds. 

Fig. 5.15 (a) and Fig. 5.15 (b) present the active power injected by the generators G1, 

G2, and G3. Similarly, Fig. 5.15 (c) shows the active power delivered by the grid-connected 

power converter. It is shown in the base case that the system suffers from sustained 

oscillations with amplified amplitudes. Such instability dynamics is attributed to the 

undamped mode creating weak coupling between areas. On the contrary, the SPC-GFM 

controller is able to stabilize the interarea mode bringing the system into a stable operation. 

Nevertheless, since the SPC-GFM controller is unable to increase the damping ratio of the 

local mode, the local SSR is maintained for an extended period of time. Such oscillations 

can be seen more clearly in the output power of generators G1 and G2. Similarly, minor 

improvement to the damping ratio of interarea mode can be observed when the MRVM-

GFM controller is tuned for 
1 . When the MRVM-GFM controller tuned at 

1  and 
2  

is activated, both local and interarea interactions are enhanced. In fact, power oscillations 

entirely disappear after 8 seconds instead of 15 seconds as in the case of the SPC-GFM 

controller. Fig. 5.15 (c) also indicates that the MRVM-GFM controller reduces the power 

oscillations in the injected active power of the power converter. As a result, these results 

validate that the MRVM-GFM controller can provide superior performance over 

conventional GFM controllers, especially in terms of suppressing power oscillations.  

In addition to the improvement in damping ratio at critical modes, Fig. 5.16 also reveals 

that the MRVM-GFM controller also improves the transient performance of the power 

converter. That is, the peak current at the beginning of the event is much lower when the 

MRVM-GFM controller is used. Additionally, the power oscillations at the output of the 

GFMC-GFM controller also decrease faster. It is clear that the MRVM-GFM controller 

boosts the transient response of the grid and the converter at the same time. 
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Fig. 5.15.  Active power injected by the generators and the GFMC for different control strategies; 

(a) Active power of G1 and G2; (b) Active power of G3; (c) Active power of the converter.  

(a)

(b)

(c)
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5.4 Conclusions 

This chapter presents a multi-rotor virtual machine (MRVM) controller for boosting the 

damping capability of GFM converter to SSR in power systems. The MRVM-GFM 

controller is designed under the assumption that the electromagnetic layer e. g. voltage and 

current controllers are already properly tuned to cope with the abnormal operation of the 

electrical grid such as unbalanced and distorted voltages. The MRVM concept takes 

advantage of the flexibility offered by the microcontroller-based implementation of the 

control system to emulate a VSM with several rotors. Each virtual rotor is parameterized 

separately to obtain desired performance criteria such as overall electromechanical 

dynamics or SSR damping. Furthermore, a decoupling network for signal filtering is used 

to dynamically decouple the virtual rotors, aiming to not only improve the net performance 

but also facilitate the selection of the control parameters. Furthermore, this chapter also 

presents methodologies for choosing control parameters of the MRVM via frequency-

domain and modal analyses. Simulation results using the IEEE 3MIB test system validate 

that the MRVM-GFM controller outperforms existing GFM strategies while offering a 

higher level of flexibility. 

 

 

Fig. 5.16.  Current injected by the GFMC with different controllers.  
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6 Conclusions and Future Works 

6.1 Conclusions 

This PhD thesis focuses on the control of power converters in modern power systems 

dominated by power electronics. More specifically, the main contributions of this PhD 

thesis are on the control and implementation of GFM converters. The research works 

conducted aim to extend the adaptation of the GFM concept in actual applications and to 

further improve the performance of GFM in supporting the grid as well as in withstanding 

adverse grid conditions. 

Through the analyses of popular implementations for GFM converters, it is obvious that 

most GFM control schemes are made up of two main layers: electromechanical and 

electromagnetic layers. Each of these layers can be formed by one or several controllers. In 

fact, the control structures for these layers are usually different from one another. Yet, the 

functionalities provided are substantially similar across various implementations. That is, 

the electromechanical layer is intended to deliver system-level functions such as inertia 

response, power oscillation damping and frequency regulation. To meet such dynamic 

requirements, the electromechanical layer is usually realized through emulation of the 

motion equation of an SG. Depending on the GFM implementation, the swing equation can 

be fully or partially emulated. Though partial implementation might bring about simplicity, 

its practicality is questionable due to the lack of flexibility. As demonstrated in the existing 

works, a lead-lag controller can also be used to provide virtual inertia, damping, and 

frequency droop simultaneously. 

On the other hand, the electromagnetic layer mainly focuses on controlling local 

magnitudes such as voltage and current at the PCC level. Implementation for 

electromagnetic layers varies significantly between GFM implementations. Early GFM 

strategies employ open-loop voltage control, which is simple and easy to implement. 
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However, the open-loop structure does not offer any means to control and limit the injected 

current which is an important magnitude. Indeed, overcurrent operation could easily 

damage the switching devices. As a result, the current controller is highly desired for a GFM 

converter. To facilitate parallel operation, virtual admittance has been proved to be the most 

suitable implementation in terms of stability and digital implementation.  

The synchronization method of GFM strategies also plays an important role in the 

stability of power converters. Currently, the GFM strategies employ either voltage-based or 

power-based methods. Voltage-based methods have been employed in the grid-connected 

converter for a long time, and therefore is a standard for power converters. However, it is 

well-known that voltage-based synchronization suffers from potential instability under 

weak grid conditions. Consequently, power-based synchronization is more popular for 

GFM converters, which is evident in Chapter 2. Overall, the SPC-GFM implementation 

surpasses other alternatives in terms of preferable control features. 

One of the main contributions of this PhD thesis is the RVSC for the electromagnetic 

layer of a GFM converter. The main aim of the RVSC is to ensure the stable operation of 

the GFM in abnormal grid conditions. Since the RVSC considers only the current control 

loop of the power converter, it can be equipped to any of the GFM implementations to 

ensure that the GFM will be able to withstand undesired grid events. The RVSC is 

developed by using IMP to take into account grid impedance, voltage into consideration 

when tuning the controller gains. In addition, the LMI technique is also used to simplify the 

tuning of the controller. The performance of the RVSC is validated through simulation and 

experiments. The results point out that the RVSC is capable of dealing with extreme grid 

conditions as long as such conditions are modelled and integrated into the controller. 

To eliminate the need for firmware modification to implement a GFM controller, an 

ESC is presented in Chapter 4. As described in this Chapter, the electromagnetic and 

electrical layer can be partially implemented in external control hardware to avoid control 

firmware modification. In fact, the analyses conducted in this chapter confirm that the 

electromechanical layer can be implemented for most of a GFL converter that is equipped 

with fieldbus communications. For power converters equipped with high bandwidth 

communication such as EtherCAT, part of electromagnetic layer e.g. virtual admittance 

could be also implemented on the external control hardware to provide additional functions 

such as islanding operation or resynchronization. Bearing this approach in mind, Chapter 4 

presents simulation and experimental results demonstrating that the ESC could achieve 

control performance similar to what is provided by conventional GFM implementations.  
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To further exploit the use of power converter in supporting the grid, Chapter 5 presented 

a new concept for GFM converter. Indeed, an MRVM-GFM control scheme is developed 

to cope with SSR in power systems. It was demonstrated that a typical GFM converter can 

only damp oscillations up to 1 Hz. However, as more and more conventional power plants 

are being retired, system inertia continuous decreases. As the result, oscillation with higher 

frequencies among generation units in an electrical area will become more common. It has 

been demonstrated in Chapter 5 that the MRVM-GFM do not only extend the frequency 

range for SSR damping but also allow providing the damping selectively. The performance 

of the MRVM is analysed in the frequency domain by using the transfer function of the 

controller. In addition, the simulation of the MRVM-GFM is also validated in the 3MIB 

system by using the DIgSILENT PowerFactory software. The time-domain simulations 

reveal that the MRVM-GFM outperforms SPC-GFM when it comes to damping SSR. 

Overall, this PhD thesis attempted to provide solutions for improving the performance 

of GFM converters in supporting the grid as well as in coping with undesired grid 

conditions. In addition, a new concept for implementing GFM functions on external control 

hardware was also put forth and studied. The above concepts and designs are to some extent 

validated through simulation and experiments. 

6.2 Future Works 

Due to the limitations in time and equipment, some of the concepts presented in this 

PhD thesis have not been fully explored. Further research pursuit on the basics of these 

concepts can be summarized as in the following. 

The main advantage of the RVSC scheme is robustness and cost-effectiveness since a 

voltage sensor is not needed. In fact, the RVSC might be tailored to behave like a VSM by 

incorporating the swing equation into the controller model. In such a case, the RVSC can 

be used as a GFM controller for low-cost applications such as microinverter. 

 The design technique using IMP and LMI could be also extended to tune the entire 

control system of a GFM converter such that dynamic performance and robustness can be 

achieved at the same time. 

As presented in Chapter 4, any parts of a GFM controller can be theoretically 

implemented on the external controller hardware.  However, as also pointed out in this 

Chapter, the performance of the GFM will be heavily dependent on the communication 

bandwidth. Therefore, it would be essential to derive more concrete criteria for specifying 

the communication bandwidth needed for each control function. For instance, it was not yet 
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conclusive from Chapter 4 what is the maximum allowable delay for a controller in the 

electromagnetic layer. 

Furthermore, it is important to take into account package dropout, network congestion, 

and communication failure in the design of the ESC, at least for protective purposes. 

Similar, depending on the network architecture the reference might not able to reach target 

converters at the same time which might give rise to unsynchronized setpoints for the power 

converters. Such an issue should be further investigated when dealing with renewable power 

plants consisting of hundreds of converters. 

Even though the MRVM-GFM showed promising results in the 3MIB system, 

validation with a bigger system is needed to further confirm the feasibility of the controller. 

In this regard, experimental works are also needed to assess the working of the controller 

in a real environment. 

The MRVM-GFM can be roughly tuned by using the controller transfer function. Yet 

as shown in Chapter 5, the controller performance is much better after being fine-tuned with 

the grid model. As the grid configuration could even change during operation, auto-tune 

algorithm for MRVM-GFM controller could significantly facilitate actual deployment. 
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