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Abstract 

  

During the last century, the electrical energy infrastructures have been governed by 

synchronous generators, producing electrical energy to the vast majority of the population 

worldwide. However, power systems are no longer what they used to be. During the last two 

decades of this new millennium the classical, centralized and hierarchical networks have 

experienced an intense integration of renewable energy sources, mainly wind and solar, thanks 

also to the evolution and development of power conversion and power electronics industry. 

Although the current electrical system was designed to have a core of generation power plants, 

responsible of producing the necessary energy to supply end users and a clear power flow, 

divided mainly into transmission and distribution networks, as well as scalable consumers 

connected at different levels, this scenario has dramatically changed with the addition of 

renewable generation units. The massive installation of wind and solar farms, connected at 

medium voltage networks, as well as the proliferation of small distributed generators 

interfaced by power converters in low voltage systems is changing the paradigm of energy 

generation, distribution and consumption. 

Despite the feasibility of this integration in the existing electrical network, the addition of 

these distributed generators made grid operators face new challenges, especially considering 

the stochastic profile of such energy producers. Furthermore, the replacement of traditional 

generation units for renewable energy sources has harmed the stability and the reliable 

response during grid contingencies. In order to cope with the difficult task of operating the 

electrical network, transmission system operators have increased the requirements and 

modified the grid codes for the newly integrated devices. 

In an effort to enable a more natural behavior of the renewable systems into the electrical 

grid, advanced control strategies were presented in the literature to emulate the behavior of 

traditional synchronous generators. These approaches focused mainly on the power converter 

relying on their local measurement points to resemble the operation of a traditional generating 

unit. However, the integration of those units into bigger systems, such as power plants, is still 

not clear as the effect of accumulating hundreds or thousands of units has not been properly 

addressed. In this regard, the work of this thesis deals with the study of the so-called virtual 

synchronous machine (VSM) in three control layers. Furthermore, an in-depth analysis of the 

general structure used for the different virtual synchronous machine approaches is presented, 

which constitutes the base implementation tree for all existent strategies of virtual synchronous 



 

 

generation. In a first stage, the most inner control loop is studied and analyzed regarding the 

current control on the power converter. This internal regulator is in charge of the current 

injection and the tracking of all external power reference. Afterward, the synchronous control 

is oriented to the device, where the generating unit relies on its local measurements to emulate 

a synchronous machine in the power converter. In this regard, a sensorless approach to the 

virtual synchronous machine is introduced, increasing the stability of the power converter and 

reducing the voltage measurements used. Finally, the model of the synchronous control is 

extrapolated into a power plant control layer to be able to regulate multiple units in a 

coordinated manner, thus emulating the behavior of a unique synchronous machine. In this 

regard, the local measurements are not used for the emulation of the virtual machine, but they 

are switched to PCC measurements, allowing to set the desired dynamic response at the power 

plant level. 
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Chapter  

1.  

 
Introduction 

During the last years, energy systems around the globe have been transitioning towards a 

more sustainable and greener scenario, based on the use of renewable energy sources. In this 

journey, that should bring mankind to a more decarbonized and  sustainable energy system,  

the creation of large power plants using renewable energies is of great importance. These plants 

should be a trustable alternative to the traditional generation plants, which are still responsible 

for covering the vast majority of the energy demand, based most of them on fossil fuels. 

Nevertheless, the naked truth is that  traditional units offer a higher  reliability and a larger 

generation capacity in front of renewables, which are tight by the stochastic and variability  of 

the green resources themselves. 

No matter these barriers, the evolution towards a generation system with a higher proportion 

of non-traditional energy sources, such as solar or wind power, has been very important in the 

last two decades. Just to provide some facts, the installation of renewable energy based plants 

was beyond 200 gigawatts (GW) in 2019 [1]. Wind and solar energy have become two of the 

most installed and cost-competitive energies for power plant integrations all around the world, 

where wind power has reached a 93GW of installed power capacity in 2020, representing a 

53% increase in respect to the previous year, whereas around 115GW of solar PV was 

integrated worldwide in 2019. In this regard, the evolution of renewable energy towards its 

integration into the electrical power system has been increasing, especially during the last few 

years where 32 different countries reached an installed capacity of at least 10GW. Investments 

in renewable energy kept increasing during the year 2019, which obtained much more 

investment than any other electricity-generating technology, where, for the first time since 

2009, the investment in wind energy exceeded solar power. 

The installed renewable energy capacity provided approximately 27,3% of the global 

electricity generation during 2019. The vast majority of energy was generated from 

hydropower, with 58% of estimated generation, but closely followed by wind and PV power, 

with a total of 22% and 10% approximately. Over the last decade, Europe experienced a huge 

growth in renewable electricity generation, which increased from 19% in 2019 to 35% in 2020. 
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In northern European countries, for example in Denmark or the United Kingdom, the increase 

was even more drastic, reaching more than 30% in renewable electricity generation.  

Despite the high growth in energy integration, renewable electricity has continued to face 

great challenges in increasing its impact on global energy generation. Some countries have 

been revising the grid connection and the market rules to allow more actors to participate in 

some of the ancillary services, thus enabling a more flexible operation of the electrical system. 

Furthermore, some countries have upgraded and modernized their grid infrastructure to allow 

higher levels of renewable generation. In this regard, a number of projects centered on the 

topic of hybrid systems, composed of at least two renewable energy technologies, were 

announced for countries all around the world, with the Netherlands, Australia, China or the 

United States as the leading forces. 

There are different technologies which grow in parallel with the integration of renewable 

energies into the power system, such as energy storage or  electrical vehicle technology.. These 

technologies  permit the introduction of certain flexibility for managing changes in the supply 

and the demand, enhancing the  grid stability  transmission losses during partial or total 

outages. 

To increase the power system flexibility the market is promoting new business models 

associated to provide grid balancing services. Conventional generation systems with low 

integration of renewable energy provide flexibility by adjusting the output of the generators to 

follow the demand. As the share of renewable energy increases, flexibility can be also obtained 

from sources such as demand or energy storage systems. In addition to flexbility those 

technologies can contribute to provide grid support services, such as frequency control, inertial 

response, power oscillation damping, or voltage regulation. In this regard, grid operators are 

procuring packed flexibility services that link generation, energy storage assets, and demand 

response. Demonstrators installed all around the globe have presented some innovative 

approaches to provide flexibility services. In 2019, a virtual power plant (VPP) was created in 

the Australian Renewable Energy Agency (ARENA), by connecting a large number of solar 

battery storage systems to deliver a coordinated power regulation and frequency control. In 

Finland, a demonstrator combined loads from buildings and renewable energy generators with 

battery storage systems integrating innovative forecasting technologies.  

1.1. Challenges in the integration of renewable energy into the power system 

 These newly integrated sources may vary in their scale, going from big power plants to 

microgrids, connected to the electrical networks at different levels, from high-voltage 

transmission systems to low voltage distribution networks. To operate such a complex hybrid 

configuration, considering traditional and non-traditional generation units with multiple 

renewable energy systems, the regulation approaches have to be examined and redefined to 

undertake the new operation challenges of the electrical power system. 
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During the last century, the electric power system has relied on synchronous generators to 

regulate the power exchange in the electrical grid, adjusting its output power to respond to 

voltage and frequency disturbances. One of the main challenges is the transition from 

conventional fuel generation to renewable energy generation systems, such as wind or PV, is 

the stochastic profile of generation in the latter. The maximum energy production of such 

technologies  depends gratly on the weather conditions, either by the average wind, the solar 

irradiance, or even the presence of clouds. This variability in the generation constitutes already 

a challenge for the power system stability  itself, that should guarantee the instantaneous 

balance between generation and demand. Furthermore, the location of large-scale PV and wind 

systems are, most of the times, far away from the main demand zones or even from the 

transmission system infrastructure.  

These challenges in the operation and the location of the renewable energy systems have led 

to two different types of generation. On the one hand, large-scale renewable power plants have 

gathered a lot of attention during the last years. This approach accumulates the harvested 

energy from a wide area and injects it into the transmission system through a unique point. On 

the other hand, a utility-scale generation, composed of small units in the distribution system, 

produces energy for a limited area. This approach is feasible for residential photovoltaic or 

battery storage systems connected to the distribution low voltage network, or also small power 

plants located close to a demand zone connected to the transmission system.  

Apart from the location challenges and the stochastic profile of energy production, the high 

integration of renewable energy interfaced by power converters has harmed the stability of the 

grid. The replacement of some of the traditional generation units to renewable systems, 

interfaced by power converters, has reduced the overall stored kinetic energy. This transition 

leads to further challenges in the operation of these non-synchronous generation units, given 

the intermittent generation profile and the inexistent rotational mass, which could give rise to 

larger power oscillations in the system and an increase in the rate of change of frequency 

(RoCoF). This inertia loss has been historically pointed out by transmission system operators 

worldwide as one of the main drawbacks that power electronic based devices introduced in the 

energy system [2]. The reduction of synchronous inertia give rise to  faster frequency changes 

in case of a mismatch between supply and demand, which leads to the activation of protection 

relays, creating further distortion and possible damage to equipment.  

During the last few years, synchronous inertia has fostered attention regarding the definition 

of the lowest allowable synchronous inertia for the system to withstand a high RoCoF 

deviation, especially considering that the turn off and on of power plants modifies the amount 

of inertia available.  

The use of power converters to interface renewable energy sources into the electrical grid has 

been widely used all over the world as the key factor to enable sustainable energy growth, thus 

partially reducing the usage of fuel and nuclear generation systems. Nowadays, most of the 
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power converter-based generation units integrated in large renewable power plants and in 

utility-scale systems use phase-locked loops (PLLs) to regulate the power delivered, giving 

rise to a grid-following type of generation. Although this solution has been extended in most 

power electronic based  power conversion applications to provide power supply to the 

electrical grid, the lack of operability under certain fault circumstances highly reduces their 

impact on the power system stability.  

Grid-connected power converters have integrated most of the traditional regulation services 

for primary frequency and voltage regulation. However, inverter-based generation does not 

include an inherent behavior to reduce the df/dt of the system, which finally does not contribute 

to guarantee the security of the grid [3], [4]. To ensure a safe and reliable operation of the 

system most generators must be able to provide RoCoF withstand capability in terms of 

synthetic inertia. This limitation is used to avoid the inertia constant (H) going below the target 

value. In the initial stage of a frequency contingency, the synthetic inertia can significantly 

reduce the RoCoF, especially during the first deviation. However, if the synthetic inertia is 

aggressively tuned for different units, it may lead to a second frequency swing in the power 

system. 

Even though synthetic inertia may be requested soon to all generators, microgrids have been 

in operation for decades with zero or little inertia reserve. As the integration of renewable 

energy into the power system is gaining huge interest, the reliance on inertia may be the result 

of a legacy of the experience using synchronous generators. In this regard, there are discussions 

of how much inertia is required for the proper operation of the power system, when considering 

the high controllability of power converters [5]. It is a reality that synthetic inertial response 

can be integrated in power converter’s control firmware without investing a high technological 

effort. However, even though it is feasible to generate synthetic inertia, the path to a 100% 

renewable energy penetration relies on the capacity to generate and regulate a grid, which is 

hardly achievable by grid-following power converters. The inability of the grid-following 

systems to create a grid makes it unsuitable for the future electrical grid power system scenario, 

where dynamic support will be the key to the flexible operation of the electrical grid. One of 

the most common approaches in grid-following converters to generate synthetic inertia is the 

usage of the mathematical derivative term of frequency measurement. However, depending on 

the implementation, it can give rise to failures during hard frequency contingencies or even 

instability issues due to the derivative nature of the signal used for inertia emulation.  

To overcome the issues of the grid-following generation units, researchers around the world 

have been presenting different approaches to enhance the control methods of such units to 

emulate the behavior of traditional generation units. This kind of operation is generally referred 

to as a grid-forming control strategy, which provides seamless integration of renewable energy 

systems to the electrical grid while providing a natural response during faults, similarly to a 

synchronous generator. This control approach enables the system to operate under high-inertia 
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and low-inertia systems, providing dynamic support to either voltage and frequency 

deviations. In general, the grid-following and the grid-forming control strategies can be 

distinguished by Table 1. 

Grid-following Grid-forming 

 PLL-based control strategy. 
 Stationary reference frame current 

control to inject power to the grid. 
 Decoupled control of P and Q. 
 Needs a voltage to synchronize in 

order to deliver active and reactive 

power. 
 Can not operate in island mode.  
 Highly integrated into renewable 

energy power converters control. 

 Uses a power synchronization 

algorithm to synchronize to the grid.  
 Control the voltage and frequency 

magnitudes. 
 Can provide virtual rotational mass 

inertia. 
 Can black-start a power system. 
 Can coexist with grid-feeding power 

converter in island mode. 
 Not extended in many applications of 

renewable energy resources. 

Table 1: Comparison between grid-following and grid-feeding approaches. 

Apart from the capacity to naturally generate a synthetic inertial response, grid-forming 

power converters can generate and regulate their output voltage depending exclusively on its 

local measurements. This feature plays a crucial role in keeping the stability of the electrical 

grid and strengthening the grid with synthetic inertia, not only during grid-connected 

applications but also during the re-energization after partial or total blackoutsIn this regard, 

some grid codes, especially in large and small island power systems, are including re-

energization as a system security service. For example in Great Britain it is being requested as 

a possible grid support service for re-energizing the grid after a shutdown [6]. 

This re-energization, also called black-start, is the capacity of a generator to start up an 

isolated grid without external support from the grid. During the last decade, most of the black-

start capabilities were provided purely from synchronous generator-based power plants. 

However, the recent increase of grid-connected power converters and grid-forming strategies 

have raised a lot of interest in searching the potential capacity of those units into the black-

start and island operation support. Even though some demonstrators have shown evidence of 

the feasibility of the grid-forming power converter black-start capacity, there are major aspects 

that were untested with a clear demonstration, such as the risk in the stochastic generation 

profile in PV and wind units, or the maximum time the generation units must provide rated 

power to ensure that the power supply and demand match. 

Although grid-forming offers a practical solution for emulating the behavior of traditional 

generation units, the technology is still immature in terms of development and installation [7]. 

As a diffrence with microgrids, where the system is relatively small, larger power systems may 

interconnect thousands of power converter units in a wide generation area, which increases the 
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grid-forming operational challenges. In this regard, it will be necessary to coordinate the 

control of the grid-forming power converters to ensure a stable operation of the grid, especially 

during faults. Although the grid-forming strategies based on the synchronous generator have 

a predictable current during contingencies, the physical limits of current injection are directly 

constrained by the electronic interfaces. This implies redefining the detection and mitigation 

of fault events, which will be more susceptible to undesired tripping events. 

1.2. Scope and objectives of the PhD dissertation 

This thesis presents the work performed during my PhD studies at SEER (Sistemas Eléctricos 

de Energía Renovable) research center, during a five-year period from 2016 to 2021. While 

working at SEER, I was involved in multiple European projects regarding the control of power 

converters to enable a more flexible grid operation. One of the projects was to increase the 

flexibility in smart transmission grids with storage entities and large penetration of renewable 

energy sources (FLEXITRANSTORE). This project had specific objectives towards a 

sustainable energy future, such as the increase of flexibility by integrating a BESS system to 

provide ancillary services close to stochastic generation, and to increase the flexibility of the 

transmission grid by performing congestion management and power flow redirection. The 

second project on which I was involved was an interface architecture to provide grid services 

for an efficient power system (INTERRFACE). This project was focused on the creation of an 

architecture able to connect market platforms, allowing market players to procure services and 

trade energy in a transparent manner.  

This PhD dissertation is structured as follows. After this introduction: 

Chapter 2 describes the state of the art of grid-forming strategies based on the virtual 

synchronous machine approach. Here, all the basic structures to implement a grid-forming 

converter will be presented. Later, they are used to conform to different virtual machine’s 

implementations displaying different advantages and drawbacks that will be discussed at the 

end of each implementation. 

Chapter 3 deals with the most inner control level of traditional power converters. For this, a 

modified proportional-resonant current controller to deal with active and reactive power 

couplings during step responses under weak grid conditions is proposed. This solution 

provides a natural structure to decouple different harmonic sequences, which can be used to 

separate the current controller for the positive and negative sequence of the fundamental 

frequency. 

Chapter 4 presents synchronous services provided by generation units based synchronous 

power controller (SPC) virtual synchronous machine implementation. In this chapter, 

frequency and voltage regulation loops are presented based on specific requirements on the 

grid codes. Furthermore, an enhanced power quality control structure, based on harmonic 

current injection, is used to support voltage imbalances due to harmonic loads. 
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The detailes regarding the implementation of a synchronous power control oriented to the 

generating unit are treated in detail in Chapter 5. Here, the  state space structure of one of the 

most common grid-forming strategies is presented, as well as additional structure for black 

start capabilities and island resynchronization to the grid. Apart from the traditional 

synchronous control structure based on local measurements of voltage and current, a sensorless 

system is introduced in this section. The path to achieve this sensorless synchronous control 

starts with the use of a traditional grid-following structure, which is later modified to a grid-

forming one by the use of a virtual admittance. 

In the same direction, Chapter 6 presents the synchronous control oriented to the system, 

enabling an area control focusing on the regulation of multiple units to achieve the emulation 

of a coordinated synchronous virtual machine at the PCC of a power plant. This system-

oriented structure emulates the synchronous generator capacities at the plant level based on 

the communication link towards each generation unit. The control structure coordinates the 

different units regardless of the system configuration, dynamically adapting the active and 

reactive power based on a synchronous machine emulation. 

Finally, in Chapter 7, the synthesis and conclusions of the ideas within the thesis, and the 

ideas for future works, are exposed. 
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Chapter  

2.  

Virtual synchronous machine state of the 

art 
The upgrade of grid requirements for connection of power converter to the electrical grid 

during the last decade has made the researchers develop new approaches for the control of 

grid-connected units, intending to improve their interaction and response during grid events. 

Furthermore, special attention has been paid to massively integrate renewable energy resources 

interfaced by power converters without hindering the stability of the electrical network. In 

addition to the grid codes, other applications such as energy storage, microgrid, and especially 

grid-connected electrical vehicles have also reinforced the development of these new control 

solutions for power converters in the power system. In this regard, a lot of different approaches 

have been presented to improve the converter interaction with the electrical grid, where the 

virtual synchronous machine (VSM) has been one of the most extended. These controllers, 

inspired by the regulation of a synchronous generator, have gained high importance due to 

their grid-forming implementation potential and the beneficial effects when integrated into the 

power system.  

Although there have been many different approaches to the virtual synchronous machine 

concept within the grid-forming implementation in the last years, all of them use the same 

principal characteristics of a traditional synchronous generator. In this way, the structure of a 

virtual synchronous machine can be fragmented into different structures, leading to an 

implementation mechanism for any kind of grid-forming power converter, where each 

implementation can have its features, advantages, and drawbacks.  

In this section, the general concepts for the synchronous generator will be presented, which 

will be used as the base to develop the implementation tree of the virtual synchronous machine. 

The tree allows splitting the different controllers allocated in the power converter control by 

the specific action they fulfill. After the implementation tree is decomposed, some of the most 

well-known VSM implementations will be presented, fragmenting their control structure to 

compare them using the implementation tree.  
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2.1. Virtual synchronous machine concept 

The VSM concept was born from the intention of emulating the behavior of the well-known 

synchronous generator. In general, the synchronous machine is composed of two general 

constructive elements, the mechanical shaft acting as the rotor and the electrical windings 

acting as the stator. In the rotor, there are two basic construction topologies, the salient and the 

non-salient poles, which can be used for power range from very few amounts of kW to a few 

GW. Although the power scale and the constructive elements can differ in each 

implementation, the equivalent electromechanical model can be applied in all the existing 

machines and is a universally recognized model through the literature [8]–[10]. The electrical 

part is composed of the windings in the stator, generating the output current, the damper 

windings, adding a damping coefficient to enlarge the stability of the mechanical system, and 

the excitation windings, to regulate the magnetic force in the generator. Each can be described 

by multiple equations to define their characteristics.  

2.1.1. Electrical system 

The electrical network is one of the most complex systems that humanity has ever created. 

Although the operation and control of this outstanding system is complex and highly 

dependant on multiple layers of restrictions, requirements, and controllers, it tries to fulfill 

three main objectives. 

 To supply electrical energy to the end-consumer, while fulfilling the quality standards 

in power, voltage, frequency, and distortion. 

 To ensure the reliability of supply, reducing the probability of failures that may give 

rise to partial or total outages. 

 To comply with the energy demands of consumers and the safe operation of the grid, 

following cost-effectiveness criteria. 

The electrical system has to face daily an immense amount of challenges to be able to achieve 

these objectives. The rapid detection and mitigation of the damage during system faults is one 

of the key elements to fulfill the electrical system objectives, which allow a fast separation of 

damaged parts from the rest of the grid. In this regard, the most common faults in the electrical 

systems are overcurrents, generally due to short-circuits, overvoltages, which may differ 

depending on the event that generated it, and other types of faults that can include disturbances 

such as electrical resonances, voltage sags, or even harmonics. 

In a way to address all these electrical faults, the power system is equipped with many 

different types of protection relays, which are designed to ensure their activation when a fault 

is detected and disconnect the damaged part from the rest of the system, thus reducing the total 

outage of the power system. One of the most important actions to protect the power system is 

monitoring its behavior. With this approach, the system can estimate and analyze possible 

contingencies, taking corrective actions to operate the system most safely, minimizing thus the 

probability of partial outages in the demand or total blackouts of the system. The restoration 



Chapter 2. Virtual synchronous machine state of the art 

 

13 

 

of this partial or total loss in power has to be achieved as quickly as possible, to keep the 

system under a stable operational state or to reach the steady-state in the minimum time having 

the fundamental magnitudes, frequency, and voltage, under operational ranges. The stability 

of the power system can be divided into three groups. First, the voltage stability is usually 

generated by reactive power imbalances between the demand and the generation system. 

Second, angle stability can be described as a loss of synchronization between different 

generators or grid areas. Finally, the frequency stability which is usually due to unexpected 

imbalances in active power between the demand and the generation.  

2.1.2. The synchronous generator 

The synchronous generator model can reach up to a 7th-order model if all the elements are 

considered. The electrical system is composed of three different windings: the stator, the 

damper, and the excitation winding, which can reach up to a 5th-order system. This model can 

be represented in many different ways, based on the equivalent reactance model representing 

the transient, sub-transient, and steady-state reactances, or based on inductances working on 

the static reference frame abc or in the synchronous reference frame dq. In general, to reduce 

the order of the equivalent model and simplify the complexity of the system, some hypotheses 

are made. First, the effect of the transient and sub-transient inductances of the generator, which 

mainly affect the short-circuit currents, are much higher than the rated current of a power 

converter, so for safety reasons they are not considered for the virtual generation model. In 

addition, the direct and quadrature inductances, which have a lot of impact on salient poles 

synchronous generators, are also ignored from the modeling. Although they influence the 

relationship between the rotor and the power, an effective model can be achieved by assuming 

a non-salient poles rotor. This model can be depicted in Figure 1, representing the equivalent 

system that has an accurate response from variations in voltage, frequency, and phase angle. 



 

mecP

J gV

r

elecP

E
V

sX lineX

excI

Turbine synchronous generator Grid

 

Figure 1: Turbine synchronous generator group scheme 
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The most important parameters of the reduced model are: 

 𝐽 – The moment of inertia of the rotating mass [𝑘𝑔 · 𝑚2] 

 𝜔𝑟 – The generator rotational speed [
𝑟𝑎𝑑

𝑠
] 

 𝑃𝑚𝑒𝑐 – The mechanical power provided by the generator shaft [𝑊] 

 𝑃𝑒𝑙𝑒𝑐 – The electrical power at the electrical grid [𝑊] 

 𝑋𝑠 – The equivalent reactance of the generator [𝛺] 

 𝐸 – The electromotive force (emf) [𝑉] 

 𝑉 – The voltage at the point of connection [𝑉] 

The electrical circuit presented in Figure 1 can be represented as two voltage sources 

interconnected through an impedance, the value of the latter is generally inductive. The 

electromotive force amplitude of the generator can be controlled via the excitation system, 

whereas the frequency and the phase-angle are directly linked to the rotor rotational speed and 

position. The difference between the grid phase-angle and the rotor phase-angle creates the 

load angle, 𝛿, that defines the quantity of active power delivered to the grid. On the other hand, 

the difference between the voltage magnitude at the grid side and the voltage magnitude at the 

generator terminals define the quantity of reactive power delivered to the grid. This exchange 

of electrical power at the generator terminals can be described by: 

   
2

cos cos
E V V

P
Z Z

  


    
 

(1) 

   
2

sin sin
E V V

Q
Z Z

  


    
 

(2) 

As the impedance interconnecting both systems is mainly inductive, the phase angle 𝜃 can 

be considered as approximately 90 degrees. This assumption reduces the equations and can be 

rewritten as: 

 sin
s line

E V
P

X X



 


 

(3) 

  cos
s line

U
Q E V

X X
   


 

(4) 

From the previous equations, it can be defined that the load angle 𝛿 defines the active power 

flow in the system. Similarly, the reactive power exchange depends on the voltage difference 

between the electromotive force, E, and the grid voltage, V. It is worth mentioning that the 

load angle is generally shifting around values below 10 degrees and the voltage magnitude is 

normally within a 90% of nominal value. Consequently, even though in equations (3) and (4), 

the active and reactive power is coupled with V and 𝛿, the variance is unsignificant and does 

not affect the power flow. 
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The inductive nature of the interconnection impedance can be considered valid for all lines 

on the transmission system. In a particular case, the low voltage distribution lines may not 

present a high inductance ratio in front of the resistance. However, the overall impedance can 

be considered mainly inductive due to the transformers and generators connected to these 

networks.  

In general, the virtual synchronous generator is composed of two control loops, one focusing 

on the electromechanical behavior of the synchronous machine and the other one focused on 

the electromagnetic behavior.  

On the one hand, the electromechanical loop defines the mechanical performance of the 

generator which can be modeled using the motion equation.  

mec elec

d
J P P

dt


  

 

(5) 

This equation can be written as a function of the mechanical and electrical power exchange, 

where 𝑃𝑚𝑒𝑐 represents the mechanical power at the shaft, and the 𝑃𝑒𝑙𝑒𝑐 represents the 

electromagnetic power at the stator. This electrical power depends on the load angle 𝛿, which 

can be described as (6) for a generator with a single pair of poles.  

r grid

d

dt


  

 

(6) 

Where the value of 𝜔𝑔𝑟𝑖𝑑 represents the grid frequency, and the value 𝜔𝑟 represents the 

angular speed of the machine.  

Imbalances between electrical power and mechanical power generate a speed change in the 

generator, consequently modifying the load angle 𝛿. This modification in the load angle gives 

rise to a variation in the output power of the generator as it can be determined by (3). In general, 

this process forces the generator to reach a new equilibrium point, which can be reached by 

modifying the mechanical power. For this reason, to complete de dynamical model of the 

machine it is needed to model some of the external regulators, such as turbines, drives, etc. 

The differential equation presented in (6) would present an oscillatory performance due to the 

lack of damping factor in the equations. Generally, to avoid this undesired performance in 

synchronous generators a damper winding is used, which can be modeled as: 

 mec elec d r grid

d
J P P k

dt


     

 

(7) 

Where the factor 𝑘𝑑 is the damping coefficient. Using the equation presented in (7) the 

mechanical control of the synchronous machine can be modeled as in Figure 2. 
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Figure 2: Synchronous machine mechanical loop model 

The coefficient 𝜔𝑛 represents the nominal frequency of the system, 𝜃 is the phase angle of 

the synchronous generator, and 𝑘𝑑is the damping coefficient. Using Figure 2 as a reference, it 

can be concluded that the frequency may be different at different points on the network during 

power changes or transients events in the power flow, but in a steady-state, the frequency value 

should be the same in all buses of the grid. 

On the other hand, the electromagnetic loop targets the electrical system emulation. As 

presented in the previous section, the synchronous generator model can reach up to a 7th-order 

model. However, to reduce the complexity of the system without hindering the electromagnetic 

response some assumptions are made. The stator impedance is reduced to a first-order system 

only composed of the subsynchronous impedance. In general, these values can be calculated 

based on the traditional values of the synchronous generator, which can reach up to a 0.3 pu 

for the inductance coefficient, and a 0.05 pu for the resistance parameter. 

2.1.3. Control elements of a generation unit 

To complete the synchronous generation unit model, some additional control elements are 

included that interact with the generator. The governor is devoted to keep the power delivered 

by the generator and maintaining the grid frequency close to the specified value. It also controls 

the turbine, which is responsible for providing mechanical power to the generator shaft. 

Another controller is the automatic voltage regulator (AVR), which is in charge of sending the 

necessary reference to the excitation system of the generator to keep the voltage level close to 

the nominal value during the operation. Figure 3 presents the control schematic of the 

generation unit.  
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Figure 3: Block diagram of the generator 

2.2. Implementation tree 

The study of the synchronous generator can be an extensive and complex topic, the previous 

section presented a general overview of the elements inside the synchronous generator as an 

introductory section to highlight the advantages of the control, which offers natural support to 

regulate the electrical grid. This regulating capacity has permitted the expansion of the 

electrical network over the last century. The vast use of this generation system has made that 

power plants based on synchronous generation cover the majority of the electrical power 

needs, reaching satisfactory levels of stability and reliability, being until today the central pillar 

of the power system.  

The exigent requirements for renewable energy generation have increased during the last 

decade, which has made the companies and researchers develop new methods for controlling 

grid-connected power converters to improve their integration and response in case of grid 

events. In addition, special attention has been focused on finding solutions that provide an 

effective massive integration in the grid without hindering the stability of the electrical 

network. In this regard, new controllers inspired by the synchronous generator operation have 

gained huge importance due to their high potential benefits when applied to the power system.  

Even though there are different approaches for controlling a power converter as a virtual 

synchronous generation unit, all of them revolve around the same principal characteristics of 

the conventional generation. In this way, any implementation of a VSM can be studied through 

the analysis of each main functionality and its auxiliary regulation loops. This implementation 

tree provides the capacity to construct the VSM implementation by selecting the building 

blocks in each functional layer, where each combination gives rise to a particular 

implementation, with its features, advantages, and drawbacks.  

Therefore, based on the generation unit key features detailed in the previous section, the 

structure of the virtual synchronous generator implementation tree is presented in Figure 4, 

where the general concepts are grouped in four main functional layers devoted to the 
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synchronization loop, the electromagnetic and the electromechanical interaction, and lastly the 

external loop controllers. 

Synchronization 

Method

Electromagnetic 

interaction

Emulation of 

Synchronous 

Machines

External

loops

Electromechanic 

interaction

 

Figure 4: Virtual synchronous generation implementation tree 

2.2.1. Synchronization method 

The first group in the implementation tree presented in Figure 4 is the one related to the 

synchronization method. Regardless of the generation technology, the generation unit must be 

synchronized to the grid voltage to have a coordinated operation of the system. This grid 

synchronization entails forming a proper AC sinusoidal waveform, with a specified frequency 

and voltage level. The phase-angle of such AC waveform, together with additional elements, 

determine the current injected by the power converter into the grid, thus regulating the power 

exchanged with the power system. In addition, the dynamic response of the synchronization 

system sets the generation unit capacity for supporting the power system, as well as transients 

and instabilities, which is particularly important during grid faults.  

2.2.1.1. Voltage-Based Synchronization 

The voltage-base synchronization system is the most recognizable technique in the field of 

grid-connected power converter control since it is one of the most essential elements in most 

applications.  

There are different approaches to implement a voltage synchronization based on the 

processing of the voltage at the point of common coupling (PCC) of the power converter. 

However, one of the most extended implementations is the phase-locked loop (PLL) 

synchronization, which by using the grid voltage measurement at the PCC its capable of 

detecting in real-time the amplitude, frequency, and phase-angle of the voltage. This 
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information of the phase and the amplitude will form the central pillar of the power converter 

control algorithms, adjusting the references and the measurements signals to inject or absorb 

the desired power according to the operating conditions. Figure 5 shows the diagram where 

the phase-locked loop (PLL) is processing the voltage measurement, 𝒗𝒂𝒃𝒄, at the output of the 

converter. 
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Figure 5: Classic PLL structure by voltage 

As shown in the PLL structure in Figure 5, the voltage measurement is used by the PLL to 

determine the frequency, amplitude, and phase-angle of the input voltage. This is achieved by 

projecting the input voltage vector on a synchronous reference frame, which angular position 

is determined by the PLL closed-loop controller. In this way, by forcing the quadrature 

component in the synchronous reference frame “q” to zero, it is possible to match the input 

voltage vector phase-angle, which means that the direct component “d” represents the voltage 

vector amplitude. This synchronization algorithm is valid under balanced grid conditions. This 

hypothesis will be considered to reduce the complexity of the analysis.  

The classical structure of a PLL can be presented as a 2nd order transfer function with 

configurable bandwidth and damping factor. The information detected by the PLL is sent to 

the inner control system, where it is used to determine the active and reactive power to be 

injected. In addition, this information provided by the PLL is generally used by other control 

layers, such as the grid supporting functions for voltage and frequency. Even though it is an 

extended method in the design of power converters, no matter the implementation, it is highly 

non-linear and does not respond as other elements in the electrical grid. This directly affects 

the performance of the power converter during transient conditions, which is one of the main 

weak points of this synchronization method. A voltage sag, where the voltage changes 
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dramatically may excite the second-order response of the PLL, which may harm the controllers 

stability. In addition, one case scenario that can be even more challenging for this 

synchronization method is the absence of grid voltage, leaving the power converter without a 

pattern to synchronize to. 

2.2.1.2. Power-Based Synchronization 

The power-based synchronization does not use the voltage vector at the power converter 

point of common coupling (PCC) to detect the phase-angle, but it establishes a power 

equilibrium point between the power converter and the rest of the elements in the grid. This 

synchronization method is the one used by synchronous generators since the creation of the 

power system, as it is synchronized to the grid by balancing its power exchange. However, the 

integration of this kind of method in the converter control is relatively new, as it was included 

with the appearance of the virtual synchronous operation of the power converter. 

The concept of power exchange between sources was presented in the previous section, 

where the angle 𝛿 reaches a constant value when the power exchanged between the two sources 

is balanced. A simplified diagram presenting the implementation of the power-based 

synchronization in a power converter is presented in Figure 6. The measurement of power is 

compared with the reference of power, which creates the deviation processed by the motion 

equation block, creating in this way the necessary angular position for the power converter to 

achieve the equilibrium point, and thereby deliver the power to the grid. The synchronization 

dynamics are tuneable by the parameters of inertia and damping factor, which are compatible 

with the ones in a conventional generator. 
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Figure 6: Power-based synchronization between two voltage sources 

In this regard, a heavy mismatch in power can lead to a large overcurrent during transient 

periods, which is something that the synchronous machine can withstand but not the 
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electronics composing the power converter. This is a significant drawback that forces, in real 

implementations, to add additional elements such as current limiters. 

It is worth mentioning that the power-based synchronization adds the grid forming 

functionality option, due to its self-synchronization feature introduced by the power 

synchronous modeling. In this regard, this synchronization method allows modifying the 

power converter control as a traditional voltage-dependent current-regulated unit to a 

generation unit able to form and regulate an electrical island just by adding simple frequency 

and voltage control loops. 

2.2.2. Electromechanical interaction 

The electromechanical model may be the most valuable characteristic of a VSM due to its 

capacity to emulate the behavior of the motion equation of a synchronous generator in a power 

converter. Figure 7 shows the two main approaches for electromechanical emulation in a VSM 

implementation. First, all the windings and mechanical elements are defined to emulate the 

dynamic equations of the synchronous generator and mimic its performance. Additional 

controllers can be used to enhance the performance of the electromechanical model, although 

its equations are not directly linked to the model of the rotating mass itself, they look for the 

enhanced closed-loop performance of the generation unit. These enhanced transfer functions, 

collect the effect of external regulators such as the governor or the PSS, to upgrade the 

performance of the unit under demanding conditions. Second, these dynamic equations can be 

simplified to the motion equation of a generic rotating mass adjusting the values of inertia and 

damping according to the desired performance.  
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Figure 7: Electromechanic models for virtual synchronous machines. 
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2.2.2.1. Mimic of the synchronous generator 

The electromechanical model of a synchronous generator [8] with the turbine model and the 

governor is presented in Figure 8. The representation includes the stator windings, the 

excitation winding, and the damping windings in the dq reference frame.  
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Figure 8: Model of a synchronous generator including a governor and a turbine. 

The model describes the physical behavior of a synchronous generator. This can be exported 

and programmed in the power converter control to emulate precisely the behavior of an 

electrical machine. In this way, the benefits of the synchronous generator can be transferred to 

the power converter. However, the power converter is based on a fully controlled 

semiconductor that has an instantaneous response but limited robustness in terms of thermal 
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limitation and overcurrents. Hence, the mimic of a synchronous generator in a power converter 

may give rise to important drawbacks especially due to the hardware limitations of the power 

converter.  

2.2.2.2. Simplified motion equation 

A version of the motion equation (7) was presented in the previous section. Even though it is 

a simplified version of the synchronous machine emulation, it provides an operational 

implementation. Figure 2 showed the block diagram of the motion equation, where the moment 

of inertia is represented by J and the damping characteristic as 𝑘𝑑. This implementation differs 

from the mimicked approach, as this simplified strategy takes into account that, as a virtual 

system, the inertia and the damping factor may not match the ones of a real machine. However, 

the parameters can be modified dynamically, allowing more flexible operating conditions. In 

real machines, the damping is limited by the physical damping winding, but in virtual 

machines, there is no limit as the damping can be as high as necessary according to the needs 

of the system. 

The motion equation can be implemented in as much detail as necessary. For example, the 

inertia and the damping of the system can be considered, which may also include the 

derivative, integral, and proportional relationship between the variation of the angular speed 

of the rotating mass and the exchanged power. However, the equation can be simplified to only 

consider the inertial response and the damping parameter, or even in its primal expression by 

considering only the effect of the damping factor.  

2.2.3. Electromagnetic interaction 

The electromagnetic interaction of the VSM to the electrical grid highly depends on the 

electrical model of the stator and the internal controllers of the power converter. The 

synchronous generator presents different values of impedance for the sub-transient, transient, 

and steady-state impedance of the generator. These values are dependant on the physical 

characteristic and the construction of the generator, and they set the performance of the unit 

under different operation points. In particular, the transient and sub-transient impedances 

determine the evolution and the magnitude of the currents during faults. Alternatively, the 

steady-state impedance influences the current sharing among generators working in parallel.  

Although power converters have a high controllability margin, they have a reduced thermal 

and current limitation due to the electronic devices. Therefore, the transient response of the 

converter has to be accurately designed to ensure a safe operation under diverse operating 

conditions on the system. In addition, the modeling of the steady-state impedance is highly 

important as it is in charge of making the operation compatible with the rest of the elements in 

the grid. 
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Figure 9: Electromagnetic models for VSM 

2.2.3.1. Virtual Impedance 

The simplified model of the connection between a synchronous generator interconnected to 

an external grid is presented in Figure 10. Based on the figure, it is possible to see that the 

electrical interaction in the steady-state between a synchronous generator and an external grid 

can be analyzed using a simple circuit that represents the AC voltage at the PCC, 𝒗𝒂𝒃𝒄, the 

internal electromotive force (emf), 𝒆𝒂𝒃𝒄, and the interconnection impedance of the generator, 

R-L.  
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Figure 10: Simplified electrical diagram of the interconnection between a SG and an external grid 

By using the Kirchhoff law, the dynamic performance of the system above can be represented 

as the following transfer function: 

    ( ) ( )v s e s R Ls i s   
 

(8) 

Therefore, by using the mathematical equation described in (8), the voltage that should be 

provided by a power converter emulating the response of a synchronous generator can be 

represented as: 
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Figure 11: Virtual impedance implementation effect in a power converter 

This implementation uses the current injected into the grid to calculate the voltage drop on 

the output impedance of the electrical machine. This straightforward application of the 

electromagnetic loop provides the voltage reference to the power converter. Although this 

implementation is feasible, a voltage controller is needed in the power converter control. 

Furthermore, the emulating effect of a series impedance as a voltage drop reference has a 

negative impact on the stability margin of the system due to the derivative term appearing in 

the inductive parameter. It is also important to note that the derivative term associated with the 

impedance will amplify any disturbance in the measurements. 

2.2.3.2. Virtual admittance 

Considering the same circuit presented in Figure 10, an alternative strategy can be used to 

implement the interconnection impedance. In this approach, the current flowing through the 

impedance is isolated from the equation (8), which gives rise to the following transfer function. 

      
1

i s e s v s
R Ls

 
  

(9) 

In this implementation, the current reference is set by the difference between the 

electromotive force of the machine and the voltage measurement at the point of connection, 

which is multiplied by the admittance value. It is worth noting that this variation in the structure 

of the electromagnetic link highly improves the stability of the system in case of perturbation, 

as the admittance acts as a first-order low-pass filter. Figure 12 present the simplified control 

schematic for the virtual admittance implementation approach. In this case, the converter 

behaves as a current source instead of as a voltage source. 
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Figure 12: Virtual admittance implementation effect in a power converter 
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This implementation closely resembles the conventional control structure of the power 

converter, which is traditionally controlled as a current source, providing additional limitations 

to the current during faults. This is an advantage compared to the virtual impedance 

implementation since the majority of power converters work as a current-controller voltage 

source. In addition, the natural filtering by the virtual admittance provides better performance 

under noisy signals coming from the measurements. 

2.2.3.3. Enhanced electromagnetics 

The virtual implementation of a synchronous generator allows enhanced performances, 

which do not follow a direct mimic of the electrical circuit of the real synchronous machine. 

In general, synchronous generators have a unique inductance and resistance. However, in a 

virtual environment, this can be extended to have multiple electromagnetic blocks with 

different impedances, tuned for different sequence components or specific harmonics. In this 

regard, some research has been made to include parallel virtual impedances or admittances to 

regulate additional grid sequences. Figure 13 presents the control schematic approach for 

enhanced electromagnetic interaction. This multi-admittance/impedance approach provides 

additional controllability for harmonics and can be selected for different operating conditions.  
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Figure 13: Implementation for parallel multi-admittance & multi-impedance loop 

2.2.4. External loops 

The synchronous generation units are traditionally equipped with external regulation loops 

when connected to the electrical grid. Although synchronous generators present inherent 

beneficial characteristics to operate in the electrical grid, their nature is not enough to guarantee 

that the frequency and voltage magnitude remain within safety operation margins. These safety 

margins are vital to guarantee that all elements connected work properly and follow the local 

standards. 

The generator is equipped generally with two external regulators, the governor and the 

automatic voltage regulator (AVR). These controllers permit adjusting the response of the 

generator regulating its output within the desired boundaries. The external regulators can be 
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added as an external loop to the VSM implementation, which not only allows emulating 

perfectly the behavior of those controllers but also, as they are a virtual implementation, some 

alternative methods can be combined to enhanced its implementations. 

2.2.4.1. Virtual governor 

A governor is a device used to measure and regulate the speed of a machine. The most classic 

example of governor is the Watt or fly-ball governor used in steam engines. Its main function 

is to adjust the speed of the machine, making the governor capable of controlling indirectly the 

frequency of the power system. In applications with multiple generation units operating in 

parallel, the most convenient approach is the use of a droop-based governor, where the speed 

and the frequency decrease as the output power increases. Feasible implementation of a 

governor inside of a VSM is presented in Figure 14. 
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Figure 14: Implementation of a virtual governor 

The conversion of the conventional structure of governor into a virtual governor is fully 

feasible. However, as it is necessary to consider that the power converter has a faster dynamic 

response, the virtual governor may have adapted features to offer an enhanced response in 

power converters. 
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2.2.4.2. Virtual automatic voltage regulator (AVR) 

The synchronous generators require an excitation system for the energy transformation. It 

also fixes the generator output voltage and reactive power, which highly impacts the stability 

of the entire electrical grid. This excitation system is generally controlled by the automatic 

voltage regulator (AVR). Although it provides a very effective solution during steady-state 

operation, in case of sudden disturbances and frequency oscillations, it may have a negative 

impact on the damping system.  

In this regard, the use of the AVR in the power converter control will be focused on regulating 

the output voltage of the electromotive force and the reactive power. Therefore, the equivalent 

AVR in a VSM will create the amplitude of the emf, without hindering the frequency of the 

power system. As in the governor subsection, it is convenient to use a droop-based AVR when 

multiple generation units are connected in parallel, to have a natural share of reactive power 

exchange. Figure 15 presents an implementation of an AVR in a VSM model. 
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Figure 15: Implementation of an automatic voltage regulator 

2.2.5. Inner control loops 

Apart from the integration of the electromechanical, electromagnetic, and external regulators, 

the inner controllers fulfill an important role in the power converter control. The power 

converter is composed of switches that can generate a voltage output by using the dc-link as 

the voltage source. This voltage amplitude is regulated by the control duty, which is usually 

created by an inner control algorithm, a voltage controller, or a current controller, Figure 16. 



Chapter 2. Virtual synchronous machine state of the art 

 

29 

 

On the one hand, the voltage controller can generate the necessary output duty for the power 

converter, however, during fast transients or short-circuits, the system is not able to regulate 

the output current of the converter. On the other hand, the current controller strategy provides 

a safer operation, as it acts as a limiter for the current delivered to the electrical grid. This 

limitation is necessary for electronic devices, as they cannot withstand more than nominal 

current. 
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Figure 16: Power converter control with current or voltage controller. 

The most typical power converter electrical composition is shown in Figure 16, where the 

output voltage, 𝑉𝑜𝑢𝑡, of the power converter is filtered by an LC or an LCL filter. To properly 

control the output current of the converter, the system needs to adjust the magnitude and the 

phase angle of the output voltage 𝑉𝑜𝑢𝑡 in order to regulate the current being delivered by the 

power converter. 

The need to determine the magnitude and phase angle of the utility grid before the connection 

of power converters to the grid has been one of the most studied issues during the last decade. 

The synchronization loop is, in most cases, the key factor for any power converter connected 

to the grid, as it is the one in charge of the detection of the grid phase and the amplitude in 

most of the power converter controllers. In this regard, PLL is the most extended 

synchronization system in power electronics connected to the grid, which uses the grid voltage 

to extract the magnitude and the phase angle using the synchronous reference frame (SRF). 

The general structure of the SRF-PLL is presented in Figure 17, which is composed by a Park 

transformation, to rotate the system from the stationary into the synchronous reference frame, 

a proportional-integral (PI) controller, to eliminate the voltage error in the q axis, and an 

integrator, to obtain the phase angle from the calculated grid frequency. 

Where 𝒗𝒂𝒃𝒄 is the three-phase voltage measurement from the grid, 𝒗𝒅𝒒 expresses the 

synchronous reference frame of the grid voltage, ∆𝜔 defines the frequency deviation to adjust 

the voltage magnitude in the q axis to a value of zero, 𝜔𝑟 is the nominal frequency of the grid, 

and finally 𝜃𝑔 defines the detected grid phase of the system. 
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Figure 17: SRF Phase-locked loop traditional structure. 

This phase angle is then used to rotate the grid voltage from the stationary into the 

synchronous reference frame to create two components that are static from the control point 

of view.  

The PLL output phase has been used in many applications to shift the system from a static 

control in abc to the synchronous system in the dq frame. This synchronous reference frame 

is the most extended approach for power converter control, as it uses traditional PI controllers 

to regulate the current output of the power converter. Figure 18 presents the typical control 

scheme of a VSC converter using the synchronous reference frame. In this case, the PLL 

connected to the point of common coupling (PCC) of the power converter receives the voltage 

measurement of the three-phase signal and extract the phase and its magnitude, represented by 

𝜃𝑃𝐿𝐿 , 𝑣𝑑 and 𝑣𝑞  respectively. The phase detection signal is then used to rotate the input signals 

of the current, 𝒊𝒂𝒃𝒄, into the dq synchronous reference frame, 𝒊𝒅𝒒, to use the PI controller to 

generate the voltage magnitude, 𝒗𝒅𝒒
∗ , and return these values into the stationary reference 

frame to be sent to the power converter control voltage, 𝒗𝒄
∗. 
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Figure 18: Traditional synchronous reference frame power converter current control 
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Even though the PI control structure is one of the most extended current control techniques 

for power converters connected to the grid, the performance and the stability margin of the 

controller are highly dependant on the strength of the electrical grid connection and the PLL 

dynamics. In this regard, other types of current control techniques have been researched and 

integrated into grid-connected power converters through the years. These new strategies are 

based on the use of the stationary reference frame, avoiding the use of a PLL to detect the 

magnitude and the phase of the grid voltage to be synchronized to the electrical grid.  

2.2.5.1. Current controller structure 

The synchronous reference frame which describes two continuous components is generally 

used to control the system with a PI controller for each component. In general, the system can 

be represented as Figure 19, in which, through the elimination of the error of current at the 

converter output, ∆𝒊𝒅𝒒, the system calculates the voltage reference for the power converter, 

𝒗𝒅𝒒, to deliver the specified current, 𝒊𝒅𝒒
∗ . 
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Figure 19: PI Controller in the dq reference frame 

The transfer function of the PI controller can be expressed as (10), where the parameters 𝑘𝑝 

and 𝑘𝑖 define the settling time and the stability of the current controller. 
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(10) 

Although the outstanding performance and the easy implementation of the PI controller, the 

synchronous reference frame still requires a PLL to detect the phase, to make the system rotate 

at the same speed as the grid. The use of the PLL is not necessary if the system is controlled 

in the stationary reference frame by terms of using a resonant controller, composed of two 

integrators in series which generates a 180 phase shift into a sinusoidal waveform. In this way, 

the system can eliminate the input error by subtracting the value from the integrators. One of 

the most used resonant control strategies is the second-order general integrator (SOGI). As 

shown in Figure 20, the main idea of the double integrator is to generate a 180-degree phase 

shift to the input signal to obtain the resonance characteristic, that will make the values of 𝒗𝜶𝜷
∗  

increase until the quadrature variables, 𝒒𝒗𝜶𝜷
∗ , are able to eliminate the error in ∆𝒊𝜶𝜷. 
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If the system is analyzed, the first branch is a pure integrator from the error, which leads to a 

90-degree phase shift lag at the output. Once it is integrated a second time, the signal gets a 

180-degree phase shift lag in respect to the input value, which is then subtracted to reduce the 

error at the input of the first integrator. 
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Figure 20: SOGI current controller structure 

With infinite gain at the resonance frequency, 𝜔𝑛, the second-order general integrator (SOGI) 

PR controller can reduce the steady-state error to zero. The equivalent transfer function can be 

described as (11). 

 
2 2

,

2 2

2
0

2
0

r
p

PR
r

p

k s
k

s

k s
k

s







 
 

  
 


  

H s

 

(11) 

Where the parameters 𝑘𝑝 and 𝑘𝑟 define the settling time and the stability of the current 

controller in the stationary reference frame. 

2.2.5.2. Decoupling matrix 

The effect of the output LC or LCL filter into the power converter control gathered much 

attention in the synchronous reference frame, which made the active and reactive power to 

couple during power steps and transients. The addition of a decoupling matrix is a method to 

decouple the active and reactive power at the output of the converter. The description of this 

principle can be analyzed by the voltage difference between two voltage sources through an 

impedance, Figure 21. This difference creates a circulating current depending on the 

magnitude and the phase difference. 

To study the voltage variation at the first inductor, the system can be transformed into the 

synchronous reference frame to reduce the number of equations and to highlight the effect on 

each of the axes. 
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Figure 21: Current through and impedance between two voltage sources 

Where equations (12) and (13) present the relationship between the current through the 

impedance, 𝒊𝒅𝒒, and the voltage variation, ∆𝒗𝑳𝒅𝒒
. 

             d d d q L qv s e s R Ls i s Li s G s Li s       
 

(12) 

             q q q d L dv s e s R Ls i s Li s G s Li s      
 

(13) 

To reduce the coupling terms appearing from the inductance in the system, the decoupling 

term, 𝑗𝜔𝑔𝐿, is introduced as a compensation factor in the current controller output, Figure 22. 

The resistive value of the inductance can be usually neglected as its value compared to the 

inductance is insignificant. 
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Figure 22: Transfer function diagram of the decoupling terms in the current controller. 

This coupling component gives rise to a coupling between the active and reactive power at 

the output of the converter. For this reason, in case of the synchronous reference frame, dq, the 

output is generally forwarded with this decoupling term of the inductance value. Figure 23 

presents the decoupling matrix integration into the dq current controller implementation, where 

the subtraction and the addition of the voltage deviation quadrature component are included in 

their respective axis. 
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Figure 23: Synchronous reference frame decoupling matrix 

On the stationary reference frame, the same mathematical procedure can be used to obtain 

the decoupling matrix. In this case, to obtain the coupled terms in the αβ frame it is needed to 

consider that the magnitude of the current can vary with time. Taking into consideration 

equations (14) and (15) as the initial mathematical expression to evaluate the voltage drop at 

the inductor, the system can be linearized. 
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(15) 

Where the linearization of the voltage drop at the inductor, considering that the magnitude 

varies sinusoidally with time at a frequency ω, the equation can be expressed as equations (16) 

and (17). 
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(16) 
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(17) 

Comparing the synchronous and the stationary reference frame mathematical equations and 

the equivalent transfer function, it is possible to see that the coupling existing during the 

transient in current through an inductor is equal in both reference frames, Figure 24. 
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Figure 24: Decoupling matrix in a) Synchronous reference frame b) Stationary reference frame 

2.2.5.3. Positive and negative decomposition 

The synchronization unit is the key element to detect the phase angle, the magnitude, and the 

sequence of the electrical grid. As it was presented in the previous section, the PLL is a simple 

yet effective way to detect the phase angle and the magnitude of the input voltage. However, 

the traditional structure of the PLL only allows the detection of the positive sequence, rotating 

at the grid nominal frequency. Extensive work has been presented in the literature about how 

to enhance the PLL structure to detect and decompose the voltage into the positive and negative 

sequence for control purposes, adding also harmonic calculation. One of the used techniques 

in the synchronous reference frame is the decoupled double synchronous reference frame PLL 

(DDSRF – PLL) [11], which uses two synchronous reference frames, allowing the decoupling 

effect on the negative sequence in the positive angular speed, and the positive sequence in the 

negative angular speed.  

In this regard, the SOGI structure has been used as an alternative synchronization system that 

focused on detecting the frequency. This synchronization method is called frequency locked-

loop (FLL), and it uses the quadrature signal generator (QSG) natural resonant structure to 

generate an adaptive filter system, which replicates the input sinusoidal waveform voltage by 

generating a quadrature vector of the input [12]. This structure has been also widely used to 

decompose and extract the positive and negative sequence from the grid [13]. However, the 

need for algebraic equations at the output of the SOGI structure adds complexity to the 

solution.  
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Figure 25: Positive negative sequence calculation 

2.3. Virtual synchronous machines implementation 

The combination of the blocks presented in the previous section gives rise to different 

implementation approaches, each one having its own advantages and drawbacks. During the 

last decade, many different proposals have been presented by research centers and private 

entities, although most of them are minor adjustments on the same idea. It is possible to 

identify six virtual synchronous machine implementation families, which are the central pillar 

for the rest of the proposals. In this section, each family will be structured with the functional 

blocks presented in the previous section. The general VSM implementation families are 

presented in Figure 26. 
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Figure 26: Main implementation approaches of a virtual synchronous machine. 
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2.3.1. VISMA 

During the year 2006, several patents were presented in different countries, all of them with 

the first version of the VISMA model. There were some patents published beforehand, but it 

was not until 2007 that the VISMA was publicly presented [14]. In the first approach, the 

synchronous machine was emulated completely. The functional blocks used by this first 

VISMA approach are highlighted in the implementation tree in Figure 27. 
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Figure 27: Implementation tree for the first version of VISMA. 

The electromechanical layer is a mimic of the synchronous machine, which receives the 

mechanical torque and excitation as references to the model. This delayed model includes the 

swing and the flux linkage equations, which consider the stator, the damping windings, and 

the excitation winding. These equations define the current through the stator of the virtual 

synchronous machine as a function of the angle and the grid voltage parameters. This reference 

current is used for the current controller, which regulates the injected current of the power 

converter. Even though any kind of current controller loop may work for this application, a 

hysteresis current controller is used in this particular case of the VISMA implementation. In 

addition, following the traditional synchronous machine control, the excitation voltage and the 

input torque are provided by external frequency and voltage regulators. The resulting VISMA 

model can be implemented as in Figure 28. 
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Figure 28: Basic VISMA model 

The use of this VISMA model allows the elimination of the conventional grid voltage 

synchronization system and adds the capacity to generate electrical islands, even when the 

power converter based on VISMA is the only generator available. Although it is a feasible 

implementation, the model is rather complex as it requires the definition of constructive 

parameters of the electrical machine. On top of this, the synchronous machine inherits all the 

characteristics of the electromechanical and electromagnetic loops, along with its drawbacks, 

such as the weak damping factor or a slow response to excitation changes. This leads to 

reaching the same stability problems as in an electrical system with real synchronous 

machines. The VISMA model includes fast dynamics-related transients and sub-transient 

responses, which could lead to a stability problem in the real implementation of this control in 

a power converter, especially when considering low sampling and switching rates. The 

advantages and drawbacks of the VISMA implementation are presented in Table 2. 

Advantages: Drawbacks: 

 The current reference can be supplied 

to any current control loop, which in 

addition has overcurrent protection.  
 Mimic implementation of a 

synchronous machine 
 No need for additional voltage 

synchronization (PLL) 
 Allow network support and load 

sharing.  

 The computation time is large 
 Stability issues when connecting to the 

electrical grid. 

Table 2: Advantages and drawbacks of VISMA implementation 
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Figure 29: VISMA Model with harmonics compensation 

Further implementations were added into the VISMA approach with the patent [15] and paper 

[16], where the same model for the synchronous machine was developed but with a parallel 

system devoted to harmonic compensation and voltage unbalance control. This compensation 

system works in a parallel branch with the VISMA model, modifying the current reference 

sent to the current controller. The structure uses a single-phase PLL to synchronize to the 

electrical grid, which modifies the dynamic of the virtual synchronous machine 

implementation, making it complex to operate in island mode. This additional control, based 

on a virtual admittance, uses the grid voltage detected by a PLL as an input reference, which 

is used to generate the voltage difference that determines the current reference to be injected 

into the grid through a virtual admittance. The reference value is then adjusted by a parameter 

called distortion compensation factor (DCF), Figure 29. However, there is not much 

information about how that parameter is adjusted in a real implementation.  

A variation of the original VISMA implementation was presented in [17], where the 

electromechanical loop was simplified from a detailed model in the synchronous reference 

frame to a reduced model composed only of an L-R admittance at the output in the natural 

reference frame. In this publication, some experimental results regarding load sharing, 

frequency variations, and oscillation attenuation were presented, showing interesting results. 

In [18] and [19] additional experimental results based on this simplified model of VISMA 

were presented. In the first one, the paper presents results for power and voltage reference 
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variations, as well as parallelization of two VISMA systems, modifying the inertia and 

damping for different grid disturbances. In the second one, experimental results for the 

islanding operation of the VISMA system are presented, specifically the transition between 

the grid-connected to the island mode, and energizing an electrical island. However, the 

information about droop controllers was not included, even though it is stated that it is essential 

for maintaining the island operation.  

2.3.1.1. Simplified voltage source – VISMA 

In 2012, a new approach for the VISMA model was presented and studied in [20]. In this 

model, the power converter control is switched from a current controller to an open voltage 

loop controller, and the virtual admittance is modified to a virtual impedance. The 

implementation tree for this VISMA approach is presented in Figure 30. 
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Virtual AVR

Full 
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Figure 30: Implementation tree for the modified VISMA structure 

In this modified implementation, as the inner controller is adapted to an open voltage 

controller, the virtual admittance is processed as a virtual impedance instead. Therefore, the 

measured current needs to be used to obtain the voltage difference. To achieve a noise-free 

signal, it is necessary to use a filter to remove high frequency from the derivative term of the 

inductor. However, the specifications of the filter are not defined in the paper. In the model, 

the f(s) function is used as a phase compensator for the mechanical loop, but there is not much 

information about the transfer function implemented. Although it is stated in [20] that the 

modified model is more stable operating in island mode compared to the previous model, the 

lack of protection against overcurrent in this implementation makes it less feasible to integrate 

into a power converter. 
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Figure 31: Modified VISMA model 

2.3.2. Virtual synchronous generator - VSYNC Project 

The European project “VSYNC”, which started in October 2007, proposed an approach to 

emulate the synchronous generator behavior in distributed power converters by adding some 

energy storage capacity. The idea behind the emulation of the synchronous generator is to add 

a short-term energy storage system to the power converter to be able to provide inertia to the 

system, contributing in this way to the grid frequency stabilization.  

The implementation tree for the VSYNC approach can be defined using the implementation 

tree architecture, where the specific methodology for synchronization, electromagnetic, 

electromechanical, and external loops are introduced. 
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Figure 32: Implementation tree for the VSG approach – VSYNC Project 
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The VSYNC first publication dates from 2008 where papers [21] and [22] show the general 

concept for the virtual synchronous generator as an approach to emulate a virtual rotating mass 

to stabilize the grid. The VSG presented a solution to improve the power converter control by 

including the emulation of a synchronous generator, achieved by adding some energy storage 

capacity. Using the motion equation of the synchronous generator shaft, the initial approach 

was based on the modification of a PLL to match the motion equation dynamics. Such PLL 

was adapted to set the virtual electromechanical loop of the power converter control, making 

the system able to emulate inertia in case of transient grid events.  

The first implementation of the control schematic for the VSG approach was presented in 

2009, where the PLL to reproduce the swing equation dynamic was shown, presenting a similar 

behavior as the electromechanical loop in a synchronous generator [23]. The PLL does not 

only provide the frequency measurement, but also the power reference for the converter. 

Figure 33 shows the control scheme for the PLL implementation in the VSG, which enables 

the system to be synchronized to the grid, as well as emulating the inertia of a synchronous 

generator. 
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Figure 33: Implementation of the PLL in the VSG 

In [24] the inertia emulation control was implemented at a high layer within the inverter 

control structure, which used a Linear Quadratic Gaussian (LQG) controller in the lower level 

to regulate the exchanged power between the converter and the grid. In this regard, results of 

such VSG-based power converter were tested under different case scenarios [25], including 

frequency regulation, micro-grid operation, or black-start of a microgrid. Even though the 

VSG initial approach consisted of the emulation of the inertia reproducing the swing equation 

dynamic on a PLL, other alternatives were proposed along with the VSYNC project. One of 

the proposals was obtained through the derivation of the frequency output of the PLL in 

addition to a gain parameter to emulate the effect of the inertia. Then, a droop regulator was 

included in the control scheme by using the error of frequency detected by the PLL to act as a 

damping winding in the VSG strategy, Figure 34. 
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Figure 34: VSYNC project PLL implementation a) Inertia emulation b) Inertia and damping effect 

In [26] an individual VSG and a coordinated VSG scheme were presented, and the results in 

the real-time simulation were presented in [27]. The latter control scheme allows multiple VSG 

units to coexist, even if they have different specifications, to evenly distribute the power among 

units during frequency deviations, and maintain the state of charge (SoC) of the energy storage 

within safety limits. This approach implemented in the VSYNC project can be classified as a 

voltage-based system, which relies on the PLL to set the interaction with the electrical grid. In 

addition, the SoC power control is included into the support strategy to limit the capacity of 

the battery storage system, Figure 35. 
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Figure 35: Virtual Synchronous Generator – VSYNC Project 

This implementation was tested in two demonstrator sites. The first one is located in the 

Netherlands, where the experimental setup is composed of 10 VSG of 5kW rated power each 

[24]. The second experimental setup was located in the area of Romania, where a 100kVA 

power converter based on the VSG was installed as the main supply of a residential load. In 

addition to these two demonstrators, multiple VSG units were coordinated to provide 
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frequency stability in [28] [29]. The advantages and drawbacks of this implementation are 

presented in Table 3. 

Advantages: Drawbacks: 

 The use of the current controller 

inherently provides overcurrent 

protection to the system 
 Allows emulating inertia and damping 

of a synchronous machine.  

 The electromechanical behavior is 

exclusively linked to the PLL 

dynamics 
 The derivative term of the PLL can 

give rise to instabilities depending on 

the grid characteristics. 

Table 3: Advantages and drawbacks of the virtual synchronous generator approach 

2.3.3. Synchronverter 

In 2009, the static synchronous generator was proposed by Qin-Chang Zhong and George 

Weiss under the name of synchronverter, to approach the emulation of the behavior of 

synchronous generators from the grid point of view [30]. In 2010, experimental results about 

the synchronverter, as well as in-depth analyses, were presented in [31] and [32], where the 

desired behavior and stable operation of the synchronverter were verified under power 

reference steps and grid frequency deviations. Due to this stable operation, this implementation 

soon found application in different systems, such as STATCOM [33], power system stabilizer 

[34], transformerless PV inverters [35], and electrical drives [36].  

The modeling of the synchronverter is based on a simplification of the synchronous generator 

equations, in which the damping windings and the iron core saturation are neglected. The 

control layers of the synchronverter considering the implementation tree are shown in Figure 

36. Even though in an initial stage the synchronverter was presented to synchronize by power 

balance during grid-operation, the PLL had an essential function during the start-up process. 

For the electromechanical loop, a complete mathematical model of the generator is adopted, 

excluding the damping windings and the saturation effects. Finally, a simplified version of the 

virtual governor and the virtual AVR are considered as frequency and voltage droops. 
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Figure 36: Implementation tree of the first version of the synchronverter 

Although the concept of the synchronverter was convincing, the practical implementation 

remained an open question since limited results were presented in publications, Figure 37. 

Some concerns arise in this regard: 

 The PLL is still needed for adjusting the converter during the start-up process and 

for the reactive power control.  

 The damping windings are omitted which may affect the damping capability of the 

system 

 The open-loop voltage control emulating the electromagnetic interaction may 

jeopardize the synchronverter stability, as the inductance of the power converter 

output is smaller than the one in a synchronous generator.  

After the first implementation of the synchronverter, many researchers have made numerous 

attempts to validate and improve the synchroverter concept. Major improvements to the initial 

concept were made in all the layers of the implementation tree. In 2013, the voltage control 

loop was enhanced by adding a PI controller to compensate for inverter parameter mismatches, 

modifying the electromagnetic loop slightly [37]. In 2015 a comparison between the dynamic 

performance of the synchronverter and a synchronous generator was made, from the 

perspective of the electrical grid [38]. Concerning the synchronization method, there was a 

major upgrade in [39] which included the use of a virtual admittance and a PI controller to 

avoid the use of the PLL during the start-up process. Even though the use of switches to modify 

from a self-synchronization mode to a grid-connected mode operation, the synchronization 

method was enhanced to work only as a power-based synchronization system. The detailed 

model of the synchronverter with those modifications is presented in Figure 38. 
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Figure 37: Synchronverter implementation with PLL 
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Figure 38: Synchronverter without the use of the PLL 



Chapter 2. Virtual synchronous machine state of the art 

 

47 

 

Over the years, more applications of the synchronverter were found in the literature such, as 

multilevel modular converters [40], hybrid multi-terminal HVDC systems [41], and isolated 

micro-grids [42]. In the last two publications, an additional droop control was included in the 

control scheme to allow coordination among different synchronverter units. Apart from this 

research, additional stability and design aspects of these implementations were discussed in 

[43] and [44].  

Related to the electromagnetic interaction of the synchronverter, [45] concluded that the 

control of the synchronverter was less stable than a synchronous machine of the same rating, 

due to the output inductance of the power converter filter, which is much smaller than the 

stator inductance of the machine. To overcome this problem, a virtual impedance was included 

in the voltage control loop to virtually increase the output impedance of the power converter. 

As another approach to further rise the stability margin of the synchronverter implementation, 

some modifications were made to the field current, to ensure that the frequency and the voltage 

magnitudes would stay within the given range [46]. In [47] an additional virtual admittance is 

set to improve the quality of the injected current during abnormal or distorted conditions in the 

grid, Figure 39. An alternative to [47] was presented in [48] where the system uses a virtual 

harmonic impedance. 
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Figure 39: Synchronverter with virtual admittance for distorted conditions 

The absence of current control in the implementation of the synchronverter gives rise to a 

potential issue related to the open-loop voltage regulation. The excessive-high inrush fault 

current is a big drawback which was confirmed in [49]. One of the most important 
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modifications in [49] was the use of a hysteresis current controller to limit the injected current 

during faults, which, in addition, included a fault detection algorithm. This allows the 

synchronverter to work as a voltage source during normal grid conditions. However, during 

grid faults the hysteresis current controller is activated and, at the same time, the power control 

loop is disabled forcing the power converter to be in a grid-feeding mode.  

In 2017, the electromechanical loop of the synchronverter was further investigated in [50], 

where it was confirmed that using the damping factor dependant on the droop coefficient is 

not an optimal solution, since the response of the converter cannot be adjusted without 

affecting the steady-state droop characteristic. To adjust the damping factor independently, a 

correction on the damping loop was introduced in [50], which is based on the addition of the 

derivative term on the active power feedback, preserving the final droop characteristic. As 

consequence, the additional derivative term allows the synchronverter to be modified freely 

without interfering with the droop, however, measurement noises in active and reactive power 

can give rise to significant degradation in the performance of the synchronverter. To solve this 

issue, low-pass filters were used to reduce the high-frequency noise in the measurement signals 

in the damping correction fault as shown in Figure 40.  
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Figure 40: Synchronverter with damping correction loop 

The advantages and drawbacks of the synchronverter implementation of a VSM are presented 

in Table 4. 
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Advantages: Drawbacks: 

 Straightforward implementation as it 

mimics the synchronous generator 

dynamic equations. 
 No additional hardware is needed.  

 In some implementations, a PLL is 

required for start-up  
 The use of the inverter output filter 

reduces the stability margin. The 

implementation needed an additional 

virtual impedance or admittance. 

 Reduced practical verification under 

grid faults. 

Table 4: Advantages and drawbacks of the synchronverter implementation 

2.3.4. Power Synchronization Loop 

A first stage of the power synchronization loop (PSL) was presented in [51] by Lidong Zhang 

and Hans Peter Nee, linking the power synchronization to the operation of power converters, 

which was later extended in collaboration of Lennart Harnefors [52]. The PSL is oriented for 

high voltage dc systems (HVDC), however, the analysis presented can be extended for low 

voltage AC systems. The PSL can be shown using the control layers in the implementation 

block as shown in Figure 41. 
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Figure 41: Implementation tree of the power synchronization loop 

The PSL relies on the power balance between the reference power and the measured power 

on the power converter to synchronize to the electrical grid, regulating the load angle detected 

by the synchronization system. In the original proposal of the PSL, there was not a detailed 

description of how the electromechanical layer was implemented in the power converter. 

Regarding the electromagnetic layer in this implementation, instabilities and resonances in the 
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current are compensated by adding a high-pass filter in the current feedback signal in the 

voltage control loop, which acts as active damping for the electromagnetic loop.  

The stability of power converters is an important factor in the large penetration of renewable 

energy in the electrical grid, especially in cases like microgrids, smart grids, HVDC systems, 

and electrical islands, which are characterized to be weak grids where large power converters 

should be connected to [53]. The low short-circuit ratio (SCR) in these systems generally gives 

rise to two issues in the stability of the power converter control. On the one hand, the PLL is 

highly affected by the grid voltage distortion created in weak grids, which can negatively affect 

the dynamic performance of the power converter, as well as reducing its stability margin [54]–

[56]. On the other hand, the X/R ratio of the interconnection impedance highly influences the 

capacity of such a grid to operate in a stable range.  

To provide a solution to this issue, in 2009 L. Zhang, H.P. Nee, and L. Harneforst presented 

the PSL approach for a VSM control [57], which was later patented in 2010 [58]. The main 

feature of this implementation is the development of the power-based synchronization, capable 

of improving the dynamic performance of the power converter under a weak AC system. This 

power loop is achieved by subtracting the power reference to the power measured by the 

converter, and then adding a controller gain to create the load phase angle deviation to 

synchronize the power converter as shown in Figure 42. 
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Figure 42: Control implementation scheme of the PSL approach 

As it can be seen in Figure 42, the PSL does not implement the motion equation in the active 

power control loop. Instead, direct integration of the power error and the gain, 𝑘𝑝, are used to 

obtain the phase angle of the system, 𝜃𝑃𝑆𝐿. This approach reduces the integrators used in the 

synchronization loop, reducing the regular motion equation into just one integrator, increasing 
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the stability margin of the power converter control but losing the physical meaning of the 

inertia provided by the active power during frequency deviations.  

In [52] a modification on the voltage control loop was made, including the alternating-voltage 

controller (AVC) in the reactive power. This controller is implemented using a proportional 

controller with a first-order time delay, providing a droop characteristic in the voltage 

reference. In addition, during faults, a backup PLL is used to overcome high exigent operating 

conditions such as the start-up of the power converter or even grid faults. This transitory 

process related to the changes in the operation mode was studied in the PhD thesis [59]. It is 

worth mentioning that during demanding operating conditions where the PSL can not maintain 

the system under a stable operation, the PLL also loses control capacity to maintain the 

synchronism. Therefore, this use of the PLL may give rise to an even more undesired operation 

during faults, especially considering the change in the operation mode of the power converter. 

In 2011, the stability limits of the power were analyzed in [60], which was extended in [61], 

providing a wider analysis on the stability for the reactive power control, and considering the 

reactive power controller and the AVC block. In [57] the PSL approach was tested under weak 

grid conditions and voltage transients, and in [62] and [63] some results regarding the steady-

state operation on wind farms and multi-terminal dc grids were reported.  

The PSL implementation has not presented any major evolution since 2014, which compared 

to other VSM implementations is quite limited. Even though a pioneer on the power-

synchronization loop, the limited capacity of emulating the swing equation reduces the 

capacity of providing adjustable virtual inertia to the system. On top of this, the voltage 

controller does not provide a major regulation advantage in front of the current controller, 

which in addition provides current limitation capacity. 

As a summary, the advantages and the drawbacks of the PSL implementation of a VSM can 

be grouped as in Table 5. 

Advantages: Drawbacks: 

 Simple implementation control 

algorithm 
 The reduced integrator enlarges the 

stability margin in weak grids. 
 The high-pass filter attenuates grid 

voltage resonances.  

 A backup PLL is used for the start-up of 

the converter and in front of grid 

perturbances.  

 The system does not present a 

beneficial control capacity during 

instabilities. 

 The overcurrent protection is limited 

with the voltage controller 

implementation.  

Table 5: Advantages and disadvantages of the PSL implementation 
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2.3.5. Synchronous Power Controller 

The synchronous power controller (SPC) idea was patented in 2011 [64], [65], and [66], 

which was later published in 2013 in [67]. This implementation approaches the grid 

synchronization by using the power exchange principle, although it expands its functionalities 

by adding some upgraded algorithms that enable an enhanced response under exigent operation 

conditions. The control layer of the SPC can be defined using the implementation tree as shown 

in Figure 43. 
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Figure 43: Implementation tree for the synchronous power controller (SPC) 

The electromechanical layer in the SPC uses the power-based synchronization method, which 

guarantees the power balance in the converter and inherently synchronizes the system to the 

grid. Since the power loop controller (PLC) regulates the synchronization to the electrical grid, 

there is no need for any additional synchronization mechanism, such as the PLL. This 

controller enables a natural interaction of the power converter under all kinds of electrical 

networks including electrical islands and microgrids, by adjusting the virtual inertia and 

damping parameters depending on the grid operating conditions.  

Regarding the electromagnetic layer, the SPC implements a virtual admittance that defines 

the current injected into the grid based on the impedance value, the measurement of the grid 

voltage at the PCC, and the internal electromotive force [66]. This reference current is used in 

the current control loop to regulate the response of the converter. In addition, considering the 

impedance in the generator is predominately inductive, it gives rise to a first-order low pass 

filter implementation, minimizing the voltage variability in the measurement [68]. 

The SPC first publication is dated 2013 [67], where experimental results of an SPC-based 

power converter connected to a PV system validated the VSM implementation. This first 

implementation is presented in Figure 44, where the electromechanical layer was mainly 
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controller by the motion equation integrated into the so-called PLC. In this block, the PLC 

adjusts the frequency deviation which is integrated to match the grid phase angle and provides 

the necessary active power demanded by the reference. The parameter of the PLC structure 

has to be properly defined to ensure optimum values for emulating inertia and damping in the 

power converter. The amplitude of the emf is controlled by a PI controller, which regulates the 

reactive power exchange. With those two magnitudes, the voltage-controlled oscillator (VCO) 

can generate the internal electromotive force which interacts with the grid through the virtual 

admittance. 
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Figure 44: Synchronous power converter first implementation 

The first PLC for the SPC implementation was presented in [65] and was based on a low-

pass filter implementation. By adjusting the parameters 𝑘𝑐 and 𝜔𝑐, the inertia and damping of 

the electromechanical loop are defined. However, due to the implementation, this PLC 

structure results in a steady-state gain between the rotor frequency and the active power, giving 

rise to some interferences with the outer frequency droop control, deteriorating the steady-state 

support of the power converter. To provide the desired frequency support, the gain of the outer 

loop control has to be properly defined. In this regard, alternative structures for the PLC were 

analyzed in [69] and [70]. In [70] a comparison between different PLC structures was 

presented, where a PI structure for the PLC was presented to eliminate the inherent droop 

response of the initial PLC structure. In addition, a transfer function referred to as the 

configurable natural droop controller (CND) was presented, which had three configurable 

parameters, the inertia, the damping factor, and the steady-state droop gain, which can be 

independently adjusted. 

An alternative control loop was presented in [71] for a STATCOM application, which added 

a PI controller to set the dc voltage to a specified value, whereas another PI controller regulates 

the AC voltage, controlling the reactive power exchange into the electrical grid. Another 

proposal for the electromechanical loop was presented in [72] and [73], where the virtual 
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inertia was stored as electrostatic energy in a capacitor connected to the same dc-bus of the 

power converter. In this proposal, the inertia was controlled from the dc-side by using a dc-dc 

power converter emulating the kinetic energy storage. In [74] a comparison between a 

conventional power converter controller based on a PLL approach and an SPC-based power 

converter was presented on the 𝛼𝛽 reference frame. This work proved the benefits of the SPC 

approach which considerably improved the performance of the system.  

Grid support functionalities have been proposed in the literature for the SPC implementation. 

As an example, [75] presents an external droop controller to provide frequency and voltage 

support to the grid, where the parameters were adjusted according to the transmission system 

operator (TSO) requirements. Likewise, a variation of the electromagnetic loop in the SPC 

was presented in [68] to mitigate voltage harmonics at the grid side and providing support 

during grid voltage unbalances. In this work, the virtual admittance is split into several 

individual admittances working at a specific frequency range. The voltage used for each virtual 

admittance is extracted from a band-pass filter tuned to a given frequency and sequence. By 

adjusting the inductance and resistance, 𝐿𝑖 and 𝑅𝑖 for each virtual admittance, it is possible to 

set the dynamic performance of the SPC-based power converter for each harmonic frequency 

and sequence.  

In [76] and [77] the SPC was used for an aggregated model of a distributed PV power plant, 

which proposed several power converters connected in parallel to PV strings to provide 

frequency and voltage restoration, as well as power oscillation damping. In addition, in [78] 

the stability of the distributed system was studied, focused on the ability of the system to 

maintain the supply during transmission blackouts. In this work, it was proved that the SPC 

approach in distributed generators improved the reliability of the system under disconnections 

of the grid. In [79] the impact of a hybrid solar power plant based on SPC-based power 

converters was presented. This work shows the harmonious interaction between the SPC 

system and an electromechanical generator supplied by thermal solar power. The analysis 

shows the increase in the damping of oscillations and the mitigating effect of frequency 

deviations. 

The SPC has been implemented also in HVDC systems, wherein [80] a multi-area system 

was presented. This work analyzed the frequency stability in the HVDC links by providing 

inertia and damping emulation. In another work, the SPC was integrated into a modular 

multilevel converter, where simulation results validated the operation under voltage and 

frequency deviations. The SPC implementation has been proven to be an effective approach 

to be used in power converters as it presents a beneficial performance under stiff grids, weak 

grids, and in islanded mode. As a summary, the advantages and the drawbacks of the SPC 

implementation of a VSM can be grouped as Table 6. 
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Advantages: Drawbacks: 

 Easy implementation on traditional 

current-controlled power converters. 
 Good performance during transients 

and steady-state operation. 
 Enhanced behavior in the 

electromagnetic interaction to the grid. 
 Good performance both in islanded and 

grid-connected operation. 

 The PLC approach gives rise to an 

inherent frequency droop characteristic, 

which forces to retune the outer loop 

steady-state frequency controller.  

Table 6: Advantages and drawbacks of the SPC implementation. 

2.3.6. Cascaded virtual synchronous machine 

In 2013, a conference paper presented another approach for a VSM implementation [81]. 

This initial work was later expanded in [82] and [83] where the implementation and 

development of the control model were further analyzed. This cascaded voltage-current control 

(CVCC) uses a power-based synchronization system, where the electromechanical loop is 

composed of the swing equation of the synchronous generator. For the electromagnetic loop, 

the system is based on the virtual impedance approach using a cascaded voltage-current 

controller in the inner loop. The implementation tree for the CVCC can be represented as 

Figure 45. 
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Motion

 equation

+

Full inertia and 

damping

 

Figure 45: Implementation tree for the cascaded virtual synchronous machine 

The CVCC implementation of the VSM includes the motion equation for damping and 

inertia, a two cascaded voltage and current control loop, and droop-based reactive power 

control [81] as presented in Figure 46.  
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Figure 46: Control model of the cascaded virtual synchronous machine 

This first approach of the CVCC integrates a droop-based reactive power controller similar 

to the ones generally used in microgrid systems. This reference is then processed by two 

cascaded controllers to generate the output voltage at the power converter. These controllers 

work on the dq reference frame set by the angular position of the virtual rotor. The swing 

equation is in charge of processing the power exchange of the power converter to determine 

the angular position of the rotor. 

The cascaded controllers entail some limitations in terms of dynamics since they inherit 

cascaded delays, which need to have their bandwidth separated enough to avoid interactions 

between them. In [81] a guide to tune the system by the eigenvalue sensitivities of the 

linearized system was presented. This work also presents the interaction between the cascaded 

control loops for a low switching and sampling frequency, as well as the complex dependency 

of the system to the control parameters. 

In [82] and [83] additional work to improve the initial proposal was presented. This extension 

showed an outer frequency droop control loop with a similar response to the steady-state 

operation of a synchronous generator. In addition, this work included a PLL to separate the 

damping effect in the swing equation from the one in the outer frequency control loop. The 



Chapter 2. Virtual synchronous machine state of the art 

 

57 

 

addition of the PLL modifies the dynamic response of the electromechanical layer, because of 

that the PLL bandwidth has to be carefully selected. Moreover, the implementation of the 

CVCC included a virtual impedance in its control structure to regulate the power and frequency 

in resistive grids, Figure 47. 
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Figure 47: Enhanced version of the cascaded virtual synchronous machine 

Several publications regarding the CVCC enhanced implementation were published, where 

the small-signal analysis was presented to study the stability of the system in [82] and [83], 

the operation of the CVCC in islanded mode [84], and the seamless reconnection of the power 

converter in [85].The advantages and the drawbacks of the CVCC implementation of a VSM 

can be grouped as Table 7. 

Advantages: Drawbacks: 

 Easy implementation on traditional 

current-controlled power converters. 
 Natural protection for short circuits 

with the current controller. 
 Outer voltage and frequency loop 

regulation, to adjust the steady-state 

operation. 

 The cascaded voltage and current loop 

reduce the bandwidth of the system. 
 The parameter tunning is vital for the 

stability of the system.  
 The fundamental frequency is 

exclusively used for the virtual 

impedance. 

Table 7: Advantages and drawbacks of the CVCC implementation. 
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Chapter  

3.  

Modified current control for a voltage 

source converter 
The grid codes are being reinforced including specific requirements to harmonize the 

integration of renewable energy resources into the electrical system. These incoming 

modifications are mainly oriented to modify certain operations on the RES systems influencing 

the dynamic at the most inner level of the power converter control, requiring them to be more 

stable, faster, and able to operate under a wide range of faults. To satisfy this, some 

enhancements to the inner control loops have to be made.  

In order to guarantee the quality of supply to meet the required standards it is necessary that 

the power control structures improve their performance. The PI-based controller has been by 

far one of the most extended implementations in grid-connected power converters. This 

synchronous reference frame controller allows regulating the current to ensure a zero steady-

state error, which can highly decouple the active and reactive power using a decoupling matrix 

considering the inductance value in the system. As an alternative, the proportional-resonant 

(PR) controller presents a well performing dynamic in grid-connected power converters due 

to its natural resonance behavior, avoiding in this way the use of a PLL to regulate the output 

current of the converter as it automatically control the current in the stationary reference frame.  

This section will present one of the most extended structures to implement a PR controller 

by using the second-order general integrator (SOGI). Later in this chapter, this SOGI structure 

will be modified to avoid the positive and negative coupling during changes in the regulation. 

In addition, the mathematical expression of the decoupling matrix used in the synchronous 

reference frame to avoid the active and reactive power coupling will be transferred into the 

stationary reference frame to use it in the PR current controller. 

3.1. General SOGI structure 

The SOGI structure has been widely used in the control of power converters for the αβ-

stationary reference frame. In general, this structure is composed of two integrators that create 

a virtual resonance for a specific input frequency. During the years this structure has been used 

as a bandpass filter to detect the positive and negative sequence of the grid voltage [86], as 
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well as to regulate the voltage or the current of the power converter in the stationary reference 

frame [87]. The structure of the SOGI is represented in Figure 48, which is composed of a 

double integrator creating the virtual resonance in one of the components. 
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qe

Double 

integratorn

 

Figure 48: General implementation of the SOGI 

As mentioned the most common use of this structure is in the inner voltage or current control 

loop. In the previous section, the traditional PR structure was presented in Figure 20, however, 

the digital implementation of this structure may give rise to some issues due to the infinite gain 

at the resonance frequency. For this reason, in many of the real implementations, a bandwidth 

regulation has been added to the SOGI structure to adjust and limit the resonance gain of the 

controller [88]. Figure 49 presents the structure for the bandwidth regulation of the controller, 

where the damping coefficient, 2𝜔𝑐, limits the gain at the resonance frequency of the 

controller.  
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Figure 49: SOGI with bandwidth control applied in a PR-current control loop 

Even though the two SOGI implementations have been widely used in the control of power 

converters, both present a very similar coupling effect between the negative and the positive-

sequence due to the double integrator strategy. In this way, the parameter 𝑘𝑟 is defining the 
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behavior of the controller for the positive and the negative sequence. The frequency response 

of the SOGI structure, presented in equation (11), can be represented as shown in Figure 50, 

which has the same resonance gain at the positive and the negative sequence. 

Negative 

sequence

Positive 

sequence

 

Figure 50: Frequency response of the SOGI PR controller 

3.2. Modified resonant current control structure 

The traditional structure allowed to split the positive- and the negative-sequence components 

using a double SOGI structure for the αβ-sequence components and algebraic calculations. 

The quadrature vectors obtained from the SOGI filter are described in Figure 51. The alpha 

component, α, creates a quadrature vector, qα, -90-degree phase-shifted from the α-input 

vector due to the integrator. Similarly, the beta component, β, creates a quadrature vector, qβ, 

phase-shifted from the input.  
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Figure 51: quadrature vectors of αβ components 

This capacity to generate quadrature vectors can be used to reorganize the terms of the SOGI 

structure to have a compact sequence separator that can extract separately the different 

sequences within a single structure [89]. To do this, the quadrature vector generation has to be 

redefined to couple both stationary reference frames. The proposed resonant structure, Figure 

52, avoids the use of multiple integrators,  just one per component. In this manner, the input 

error is amplified by the resonant gain coefficient, 𝑘𝑟, and then added to the quadrature 

component obtained from the β integrator. The α-sequence component is then integrated to 

obtain the specified sequence, which depends on the input value of the resonance frequency, 

𝜔𝑟, in this case, determining the positive sequence of the input. The α integrator output is used 

as the quadrature vector of the β-sequence component, subtracting its value to the error in the 

β-sequence component. Considering the αβ-sequence components are -90-degree phase-

shifted between each other, the integration of their values will be 180-phase degree phase-

shifted with respect to the quadrature component. 

rk   

rk   

 v s



 v s



v

v


v

v


r

r r

r

eα 

eβ  

 

Figure 52: Proposed reduced resonant structure 
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This modified structure of the SOGI can be used to extract specific harmonic sequences from 

the input signal. The equivalent transfer function of the proposed reduced resonant strategy 

can be obtained as: 
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By combining equations (20) and (21) it is possible to create the transfer function of each of 

the branches, which can be expressed as: 
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(23) 

If equations (22) and (23) are expressed in a matrix, it is possible to obtain a similar transfer 

function as the one implemented in the SOGI, equation (24). The main difference between the 

SOGI structure and the reduced resonant structure is the coupling terms on the transfer function 

depending on the bandwidth, 𝑘𝑟, and the resonance frequency, 𝜔𝑟. In this specific case, the 𝜔𝑟 

parameter is selected as positive, giving rise to a positive sequence regulator. If the value for 

the resonance frequency is selected as negative the output component would be regulating the 

negative sequence. 
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(24) 

This adapted structure of the SOGI can be used in a similar way to the traditional structure, 

with the advantage to have a reduced amount of integrators in the transfer function, and the 

capacity to split the positive and negative resonant gains independently from each other. In the 

case of using this structure as a band-pass filter, the performance is defined by the constant 

value of the central frequency of the filter, 𝜔𝑟, and the value of the bandwidth of the 

controller, 𝑘𝑟,  Figure 53.  
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Figure 53: Positive and negative decomposition using the reduced resonant strategy  

If the resonance gain, 𝑘𝑟, is equal for both positive and negative sequences, the structure 

presents a similar behavior as in the case of the SOGI structure, Figure 50. However, as the 

system can be independently tuned, the resonance gain can differ from the positive and the 

negative components, giving rise to an adjustable system able to regulate separately the 

harmonic components of the input signal, while regulating the coupling independently for each 

sequence. Figure 54 shows the open-loop gain margin and phase margin of the structure 

presented in Figure 53, where the resonant gain coefficient of the negative-sequence 

component has been reduced to 0.1 p.u with respect to the positive-sequence component, 

highly reducing the bandwidth of the negative component. It can be seen that the structure 

allows the separation of sequence and its control independently of each other, which is an 

advantage compared to the traditional SOGI structure.  
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Figure 54: Modified resonant structure for independent regulation of harmonics. Positive sequence 

band-pass filter (Blue), negative sequence band-pass filter (Red) 

3.3. Modified resonant control structure for grid-connected inverters 

The structure of the SOGI resonant controller has been generally used in power converters 

connected to the grid because of its simplicity in controlling the output current of the converter 

and robustness in front of grid contingencies and harmonics. However, as it requires a double 

integrator structure, Figure 20, it may give rise to a coupling between the positive- and the 

negative-sequence component. For this reason, the reduced resonant structure has been 

adapted for the current control structure. In this way, the system can be decoupled and forced 

to control a single grid sequence.  

The proposed modified PR structure is presented in Figure 55, which allows having a 

separated control for each sequence of the grid. The performance of the resonant controller 

depends on the resonant and proportional gains, 𝑘𝑟 and 𝑘𝑝, and the central frequency of the 

resonance, 𝜔𝑟. 
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Figure 55: Modified PR-control structure 

The equivalent transfer function of the proposed controller can be described as equation (25): 
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(25) 

This transfer function can be also obtained from the PI controller rotated to the stationary 

reference frame by terms of using the park transformation. This transformation adds the 

coupling terms appearing in the αβ-reference frame [90].  

3.4. Stability analysis 

In this section, the three current controllers used in the simulation results are analyzed, and 

some of their interesting features are highlighted, especially considering the coupling between 

sequences during power steps or transients. The three controllers, the PI controller represented 

by equation (10), the SOGI-PR controller represented by (11), and the modified PR controller 

presented in (25), present similar resonance gain at the resonance frequency. In Figure 56(a) 

and Figure 56(b) , it is possible to see that the SOGI-PR controller and the modified PR 

controller show the same gain and bandwidth for the positive sequence. However, the SOGI 

PR controller has a negative sequence resonance gain which may give rise to a coupling 

between sequences, especially during transients where small negative components can be 

appearing in the grid current and voltage. In the case of the PI controller, Figure 56(c), the 

system is synchronized to the natural frequency of the grid, this leads to have a 0 Hz equivalent 

resonant frequency in the controller. 
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a) b)

c)  

Figure 56: Bode gain plot of the different current controllers (a) SOGI-PR current controller open 

loop bode (b) Modified PR current controller open loop bode (c) PI current controller open loop bode. 

If the rotation matrix is used for modifying the reference frame of the PI controller to the 

synchronous reference frame [90], it can be seen that the bandwidth and the gain of the 

controller match, giving rise to an equivalent dynamic performance between the PI and the PR 

controllers during steps and transients. Figure 57 shows the PI controller moved from the 

stationary reference frame, Figure 56, to the synchronous reference frame to match the 

modified PR controller.  
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Figure 57: PI and modified PR controller frequency response 

Although they present very similar frequency responses at the specified frequency, matching 

in bandwidth and gain, the coupling in the negative sequence regarding the SOGI-PR 

controller may have a huge impact during transients.  

A simple close loop diagram can be represented as Figure 58, which is composed of the 

current controller, a time delay to emulate the effect of the pulse width modulation (PWM) on 

the power converter, and an output inductance filter.  
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Figure 58: Simple closed-loop system of the current controller with an L-filter on the power converter 

To make a comparison between the SOGI PR controller and the modified PR controller, both 

systems will be analyzed under the same model. The equations for the current controllers used 
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in the analysis are presented in (26) and (27) for the modified PR controller and the SOGI PR 

controller, respectively. 

 
2 2 2 2

2 2 2 2

r r r

p

r r

r r r

p

r r

k s k
k

s s

k k s
k

s s



 



 

 
  

 
 

 
  

mPR
G s

 

(26) 

 
2 2

2 2

2
0

2
0

r

p

r

r

p

r

k s
k

s

k s
k

s





 
 

 
 

 
 

PR_SOGI
G s

 

(27) 

In the digital implementation of current control, there are two types of delays, the 

computation delay, and the PWM. For this specific case, the sampling is updated twice during 

a switching period (𝑓𝑠 = 2𝑓𝑠𝜔), where 𝑓𝑠 is the sampling frequency and 𝑓𝑠𝜔 is the switching 

frequency. It is common to assume that the equivalent delay of the system, considering both 

the computation and the PWM delays, can reach 1.5 times the sampling time (𝑇𝑠 = 1
𝑓𝑠

⁄ ). 

Therefore, the output voltage of the power converter can be described as: 
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(28) 

Where the parameters 𝑇𝑑 can be described as: 

1.5d sT T  
(29) 

To approximate the time delay a second-order Padé approximation is used to rationalize the 

factor 𝑒−𝑇𝑑𝑠. 
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The output filter of the power converter has been simplified to a unique inductor filter to 

reduce the order of the model. This filter can be modeled in the αβ-reference frame as: 
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(31) 

Where 𝑅𝐿 represents the resistive part of the inductance, and the L the inductive part. To 

model the system the forward loop of the whole system can be expressed as: 
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The open-loop transfer function can be described for the modified-PR controller as: 
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(33) 

An equivalent open-loop transfer function is obtained from the SOGI PR controller without 

the diagonal component matrix representing the coupling elements. 
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(34) 

 

For the open-loop bode plot analysis, the parameters specified in Table 8. 

 

Modeling parameters 

Filter Inductor (L) 777 µH 

Filter resistor (𝑅𝐿) 0.0021  

Sampling time (𝑇𝑠) 1/6300 

Proportional gain (Kp) 1 

Integral gain (Ki) 100 

Table 8: Modeling parameters for the comparison between the SOGI and the modified PR structures 

The open-loop response for the modified-PR and the SOGI-PR controller is presented in 

Figure 59, showing the equivalency of both controllers for the direct matrix. However, the 

coupling terms from the modified PR structure are only existent in the modified structure. The 

gain margin and the phase margin of both controllers are the same, reaching a gain margin of 

14.2 dB, and a phase margin of 67,7 degrees. Even though the structure is different the 

diagonal transfer function provides the same open-loop response. 
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Figure 59: Open-loop bode plot of the SOGI PR controller and the modified PR structure 

The closed-loop transfer function can be obtained using the feedback of the open-loop 

system. 
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In this case, although the controllers generated an equal performance in the open-loop 

response shown in Figure 59, the closed-loop response of the system differs from each other. 

Both systems still have a 0dB gain at the resonant frequency, Figure 60. However, the modified 

PR controller presents a smaller gain at the higher frequencies. Apart from the difference in 

the gain at the resonant frequency at the positive sequence, the SOGI PR controller can regulate 

the negative sequence with the same structure. As shown in Figure 61 the SOGI-PR controller 

presents symmetrical behavior in the positive and the negative sequence. On the contrary, the 

modified PR structure provides an asymmetrical system reducing the gain at the negative 

sequence, thus reducing the possible oscillations due to a high gain in the negative sequence 

component. 
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Figure 60: Closed-loop bode plot of the SOGI and the modified PR controller 

 

Figure 61: Positive and negative closed-loop bode plot of the SOGI and the modified PR controller. 
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To compare the effect of the negative sequence coupling during transients two cases scenario 

are set to show the dynamic response of each of the controllers. To highlight the effect of the 

coupling the system is tested under a weak grid connection. In the first stage, the system will 

be tested without any decoupling terms in the controller, meaning that the controller is the only 

factor regulating the current in the power converter. In a second stage, the decoupling terms 

are added into the control structure providing an additional factor during the step. In this 

simulation result, the PI regulator in the synchronous reference frame, the SOGI PR controller, 

and the modified PR controller, named  proportional resonant with negative decoupling (PRN), 

are tested. 

3.5. Simulation result 

In this subsection simulation results will be presented to show the different behavior of the 

inner current controllers of a power converter, focusing on the different performances. A 

comparison between the different current controllers will be shown performing in a 100 kVA 

power converter connected to the grid, Table 9. 

Total output power 100 kVA 

Filter Parameters 

Converter Inductor (Lf) 777 µH 

Transformer inductance 

(𝐿𝑠 + 𝐿𝑝)  
400 µH 

Damping resistor (𝑅𝑑) 0.5  

Capacitor (𝐶𝑓) 66 µF 

Grid impedance (Lg) 0.0251 Ω 

Proportional gain (Kp) 1 

Integral gain (Ki) 100 

Simulation Parameters 

Switching frequency 

(fsw) 

3150 Hz 

Sampling frequency (fs) 6300 Hz 

Vdc voltage level  800 V 

Nominal phase voltage 230 V 

Nominal frequency 50 Hz 

Bandpass filter gain (𝑘𝑟)  100 

Central frequency (𝜔𝑟) 314.15 rad/s 

Table 9: Simulation parameters for the 100kVA power converter. 
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Figure 62 presents the simulation setup for the tests, composed of a current controller and 

current reference generator in the control structure, and an LCL filter, an isolation transformer, 

and a grid impedance for the electrical part. 
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Figure 62: Simulation setup for the current control performance 

The current reference generator block can be composed mainly of two different schemes 

depending if it is working on the synchronous or stationary reference frame. In the case of 

working with dq-components, the current reference can be either obtained from a PI regulating 

the active and reactive power to generate a current reference for the d and q component, or the 

current reference can be obtained from an open-loop calculation which transforms the power 

reference into current reference by using the algebraic equations (36) and (37), taking into 

account the grid voltage 𝑣𝑑 and 𝑣𝑞 . 
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Normally, the voltage measurement is filtered to reduce the harmonics and undesired 

components in the generated reference current. In the synchronous reference frame, it is 

common to use a low-pass filter to remove undesired harmonic components to the PLL output 

voltage. Whereas, on the stationary reference frame, generally a band-pass filter tunned at the 

grid frequency is used to eliminate undesired components. Figure 63 presents the control 

scheme to generate the references in the αβ-stationary reference frame. 
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Figure 63: Current reference generator in the stationary reference frame 

The band-pass filter coefficient 𝑘𝑟 and 𝜔𝑟 adjust the central frequency and the bandwidth of 

the filtering. In this case, only the positive sequence of the grid voltage is desired to provide a 

pure sinusoidal waveform reference. The algebraic equations in the synchronous reference 

frame can be described as (38) and (39): 
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3.5.1. Current control without decoupling terms 

It is possible to see in Figure 64 that both the PI controller in the synchronous reference frame 

and the PRN controller in the stationary reference frame have an equivalent performance under 

a 0.6 p.u power step in the power converter. However, the SOGI structure presents a different 

transient performance due to its transfer function without quadrature terms, as shown in 

equation (11). This leads to the different dynamic behavior of the SOGI PR, as seen in the 

previous section, which makes it have a higher coupling between active and reactive power 

during the step. Although the tuning of the three controllers is the same, it is possible to see 

how under a weak grid interconnection, the controller presents a different dynamic compared 

to the other two, that match perfectly. On top of this, it is possible to detect the negative 
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sequence coupling in the SOGI PR controller as it is present in the figure as a 100 Hz 

oscillation both in the active and the reactive power. 

 

Figure 64: Power step with different current controllers without decoupling terms 

3.5.2. Current control with decoupling terms 

Even though the SOGI PR controller has a significantly different dynamic compared to the 

other two controllers during the power step, the addition of the decoupling terms at the output 

of the controller reduce the output coupling from the inductance, as presented in equations (16) 

and (17), increasing the time response of the controller without modifying its parameters. 

Figure 65 presents the control scheme for the decoupling terms. In this case, each current 

controller will add the decoupling terms at its output to minimize the effect of the filter 

inductance during the transient. 
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Figure 65: Control structure with decoupling terms 
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In Figure 66 the transient response of the different controllers can be seen. The performance 

of all the current controllers increases as they reach the setpoint much faster and avoiding 

power oscillations and coupling between active and reactive power. Comparing Figure 64 and 

Figure 66, it is possible to see how the settling time of the controller has been reduced from a 

time response of around 50 ms without decoupling terms, to a response of 10 ms. In addition 

to the settling time decrease, the controllers have also avoided the overshoot during the power 

step and the coupling between the active and reactive power is insignificant.  

 

Figure 66: Power step with different current controllers with decoupling terms 

3.6. Experimental results 

The experimental setup follows the structure presented in Figure 62. A picture of the 

experimental setup is shown below, Figure 67. In this testbench, the SOGI-PR current 

controller and the proposed version of the resonant controller are tested and compared to each 

other, with and without the decoupling terms. In the first stage, the SOGI-PR controller will 

be tested under a 100 kW test, to show the performance of the controller and the coupling 

between the active and reactive power. Second, the reduced resonant controller will be tested 

under the same conditions with the same controller parameters. Finally, the decoupling terms 

will be added to the system to see the effect on the output power coupling. 
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Figure 67: Experimental setup 

The electrical parameters of the system are equal as in the simulation setup presented in Table 

9, and the controller parameters used for the experimental results resonant controllers are 

presented in Table 10. 

Table 10: Experimental parameters 

Controller parameters 

Proportional controller 2.25 

Integral controller  100 

Bandpass filter gain (𝑘𝑟) 100 

Central frequency (𝜔𝑟) 314.15 rad/s 

3.6.1. SOGI-PR current controller – experimental results 

In Figure 68, the power step using the SOGI-PR controller can be observed. During the step, 

there is a huge transient in the current that affects the voltage at the point of connection. Due 

to this distortion, the settling time of the power of the controller is reduced. 
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Figure 68: SOGI-PR structure performance in fron of 100kW active power step. (Voltage scale 

200V/div, current scale 200A/div) 

If the output power is calculated from the sinusoidal waveform obtained, Figure 69, it is clear 

that in this case, the coupling between the active and reactive power is high. Even though the 

response of the current controller is fast, the coupling between active and reactive power can 

be harmful to the voltage at the point of connection, as we can see from the experimental result.  

 

Figure 69: SOGI-PR structure performance in fron of 100 kW active power step – Power calculation. 
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3.6.2. Modified PR controller – experimental results 

In Figure 70 the power step to 100 kW is done with the modified PR controller structure. It 

is clear from the obtained results, that the performance is satisfactory, reaching the reference 

fast and with a transient behavior that does not contain undesired over-currents and just a low 

variation in the voltage due to the line impedance. 
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Figure 70: PRN controller performance in front of 100 kW active power step. (Voltage scale 

200V/div, current scale 200A/div) 

If the power calculation is done in this case, it is possible to see that there is a high reduction 

in the coupling on active and reactive power, as can be seen in Figure 71. The modified PR 

controller avoids the coupling in the system and provides better dynamic performance than the 

SOGI PR structure in a weak grid case, and without the external decoupling matrix. 

 

Figure 71: PRN controller performance in front of 100 kW active power step – Power calculation 
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3.6.3. Modified PR controller with decoupling terms – experimental results 

Finally, the decoupling terms are added to the modified PR controller to counteract the effect 

of the inductance voltage variation. Figure 72 presents the results for a 100 kW power step.  
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Figure 72: PRN structure with decoupling terms in front of 100kW active power step. (Voltage scale 

200V/div, current scale 200A/div) 

Comparing the power calculation to the previous case, it can be seen that the reactive power 

in Figure 73 is reduced until a value below the 10 kvar, while in the previous case the reactive 

power coupling during the power step almost reached the 40 kvar. The addition of the 

decoupling matrix into the modified-PR controller allows to increase the controller 

performance and reducing the coupling between the active and reactive power.  

 

Figure 73: Reduced PR structure with decoupling terms performance in front of 100 kW active power 

step – Power calculation 
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3.7. Conclusions 

The simulation and experimental results have shown the difference between the different 

controllers under test. On the one hand, the simulation results clarified the difference between 

the SOGI PR structure and the modified-PR structure in terms of the negative sequence 

coupling, and the matching behavior between the PI in the synchronous reference frame and 

the modified-PR structure in the stationary reference frame. Apart from the structure itself, the 

addition of the decoupling term in the control structure of the current controller also added a 

beneficial effect on the overall dynamic performance, highly reducing the settling time of the 

power step and the coupling between active and reactive power.  

On the other hand, the experimental results presented the difference between the SOGI-PR 

controller and the modified-PR controller in a real environment. In the first case, the high 

coupling and the transient created by the SOGI structured are highly reduced with the 

modification of the current control structure. Although the similarity in the control structure, 

the benefits from the modified-PR controller are seen from the experimental results, and even 

improved with the addition of the decoupling terms. This strategy of the modified-PR structure 

with the decoupling terms can be impactful in cases where the grid is weak with a high 

interconnection impedance.  
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Chapter  

4.  

Auxiliar services in virtual synchronous 

machines 
The increased integration of distributed generation units in the electrical grid is highly 

conditioned by the distributed power plant fulfillment of the grid codes. These requirements 

are designed to guarantee the stable operation of the electrical system working as the main 

operation principle to all the generation systems connected to the electrical network. Although 

there are differences among countries despite the grid codes, the requirements represent the 

performance and the response of the systems under different operating conditions, especially 

regarding the boundaries of voltage and frequency, regulation profiles, and transient response 

under grid contingencies. 

The high penetration of renewable energy systems and the reduction of synchronous units 

implicates a reduction of the overall inertia in the system, thus significantly reducing the 

system's robustness in front of disturbances. This is particularly a delicate issue especially in 

isolated systems and microgrids, which needs further attention regarding the participation of 

all generation units in the frequency regulation. 

In this chapter, frequency and voltage support functionalities will be presented focusing on 

the generic integration to a traditional power converter, and its implementation in the SPC 

structure. Then, each of the services will be put under test on the experimental testbench to 

present the behavior of the SPC-based power converter on a device. 

To test all the possible services of the synchronous control, an experimental setup is built to 

perform all the necessary adjustments to the frequency and the voltage of the grid. The setup 

is composed of a 250kVA grid emulator to create a weak grid at the PCC, two 100kVA power 

converters, and the harmonic load. This connection is made through a sag generator creating 

voltage sags by the sequential connection of inductances and an autotransformer. Figure 74 

shows the electrical interconnection of all the devices, where all of them are connected to the 

same PCC. The grid emulator is regulated by a back-to-back power converter to controls the 

frequency and the voltage amplitude of the grid. 
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Figure 74: Electrical schematic of the experimental setup for the different synchronous power 

controller services. 

4.1. Experimental setup 

The experimental setup is shown in Figure 75. The synchronous generator is interconnected 

through the voltage-sag generator to the PCC of the power converters and the harmonic load.  
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Figure 75: Experimental setup for the synchronous power controller services. 

Each power converter is equipped with an SPC structure, enabling the power converter to 

have multiple functionalities, such as, primary frequency and voltage control, synthetic inertia 

emulation, power oscillation damping, and multiple virtual admittances for voltage support 

capabilities. The general schematic of the SPC is shown in Figure 76. The control system is 

composed of a frequency and voltage droop controller, the power loop controller (PLC), and 
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a virtual admittance. Each of the highlighted blocks is in charge of one or more specific 

services. In the case of the droop controllers, they are strictly linked to the voltage and 

frequency measurements at the PCC acting as the primary control actuators. The PLC includes 

more than one feature as it uses power balance synchronization. This regulator is capable of 

adding synthetic inertia and power oscillation damping to the power converter as it relates 

phase angle changes to active power variations, thus acting dynamically over any phase or 

frequency contingency at the PCC. Finally, the virtual admittance is capable of generating 

multiple current references at specified harmonic sequences, allowing the regulation of 

harmonic currents to compensate for distortions at the grid voltage and support the unbalance. 
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Figure 76: SPC-based power converter general control structure 

4.2. Primary frequency control 

All grid-connected generation systems are required to provide frequency support to the 

network, which is performed generally through the regulation of the active power. In this 

regard, the power converter has to include some additional control blocks to enable frequency 

support. The inertial response of the power converter can be implemented in two different 

ways, one is to be calculated as the derivative term of the system frequency, and the other to 

be implemented similarly to the one in synchronous generators. The power oscillation damping 

tries to reduce the oscillation of the system by adjusting the output power delivered by the 

system. In the case of the primary frequency control, it is generally characterized by droop 

control. This regulation principle uses a gain factor, R, to produce a modification in the output 

power delivery proportional to the difference between the nominal and the measured 
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frequency. Moreover, the droop control uses a dead band to only activate the service when the 

frequency exceeds a specific boundary. 

The droop characteristic is provided by the national grid code, which can differ between the 

countries in the boundaries and the slope. However, in Figure 77 a generic representative case 

is shown, with a characteristic slope, dead band, and boundaries.  
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Figure 77: P-f droop control study case 

The implementation of the frequency droop control is based on a dead band and a gain factor, 

which can be adjusted to set the slope of the system. The frequency deviation is the input to 

the droop control and the output is the active power reference to the power controller, Figure 

78. Considering a linear variation in the frequency, the droop control should present no action 

within the dead band boundary, just after the frequency is over the limit the droop control will 

be operative. 
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Figure 78: Implementation of the frequency droop characteristic in the proposed control algorithm. 

In the case of the integration of the droop control in a VSM implementation, the control 

algorithm is similar to the one presented in Figure 78. Once the frequency surpasses the 

frequency boundary, the droop control starts generating the necessary power reference to 

support the grid, Figure 79. In this case, the frequency is increasing to a value of 50.4Hz which 
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makes the power converter absorb active power. As the droop is set to a 4% frequency 

deviation respect to the nominal frequency, for a 0.4Hz frequency deviation the power 

converter has to absorb around 20kW of active power to counteract the frequency movement.  

Frequency step
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Figure 79: SPC frequency droop control. (a) PCC voltage (b) Power converter current (c) Active 

power 

As it is possible to see from Figure 80, once the frequency deviation starts, the power 

converter absorbs active power to counteract the frequency deviation. It is clearly seen from 

the image that for a +0.4Hz frequency movement, the active power absorbed by the power 

converter reaches the -20kW as specified in the droop settings. 
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Figure 80: SPC Frequency droop control – Frequency step +0.4Hz (a) Power converter current (b) 

Active power (c) Grid frequency  
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4.2.1. Auxiliar service – Inertia emulation 

The integration of new generation facilities mainly centered on renewable energy has forced 

the grid codes to start requesting additional features to the grid-connected generators to reach 

an optimal solution. Most likely, those new requests may become requirements shortly, so they 

should be considered for making these newly integrated systems suitable to comply with the 

new demands. In general, these requirements go in the line of resembling the behavior of 

traditional generators to counteract frequency variations in the network, thus dynamically 

supporting the electrical grid. Moreover, the capability of island mode may be a requirement 

in the near future to enable the operation of part of the system during partial outages. 

The traditional synchronous generator can provide dynamic support to the frequency 

instantaneously, as a result of the mechanical energy in the shaft of the generator, which is 

delivered to the grid as electrical power during power or frequency changes. In this regard, 

this dynamic support contributed to the phase angle stability of the electrical network. 

Although it is not required in all grid codes, it is starting to be requested to ensure that all the 

generation systems linked to the electrical network will have to emulate the inertial response 

of a synchronous generator. 

To generate an inertial response in a traditional power converter, one alternative is to measure 

the frequency and obtain its derivative term 𝑑𝜔
𝑑𝑡⁄  and use the moment of inertia, 𝐽, to generate 

the active power. The equation defining this control loop can be expressed as: 

H

d
P J

dt


 

 

(40) 

Where ∆𝑃𝐻 represents the active power reference to be delivered to the system as inertia, 𝐽 is 

the moment of inertia to be emulated, and ∆𝜔 is the frequency deviation of the system. This 

simple approach allows representing the behavior of inertia in a synchronous generator into 

traditional power controllers. However, the derivative term is highly dependant on the 

measure, leading to possible significant noises in the inertia power reference. In this regard, 

additional filtering is needed for the frequency measurement, which reduces the bandwidth of 

the controller. Thus, reducing the time response of the inertia when trying to limit the ROCOF 

and increasing the possibility to create system instability. 

In contrast to the previous implementation, the use of the swing equation in most of the VSM 

approaches enables easier integration of the inertial response of the power converter. The 

dynamic equation of the swing equation was presented in (7), which allows setting the desired 

inertial response by adjusting the parameter J. Figure 81 shows the effect of different inertia 

factors during a constant ROCOF in the grid frequency, removing the inherent droop control 

added by the additional damping windings in the swing equation. Once the frequency deviation 

starts, the equation detects the derivative term of the frequency by using the power 

synchronization loop, and provides the specified amount of inertial response to the system. In 
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this specific case, the constant of inertia has been modified from a value of 2 to a value of 4. 

This increase in the value of the inertia constant also modifies the virtual power provided 

during the deviation. 

 

Figure 81: Inertial response of the swing equation in front of a constant ROCOF. 

4.2.2. Auxiliar service - Power oscillation damping 

The change in power balance, between power generated and demand, gives rise to frequency 

changes in the network. These transients generate oscillations in the frequency, which are 

harmful from the perspective of the grid. Therefore, it is being required by some grid codes to 

adapt the control of the power converter to be able to damp or not excite these oscillation 

modes during grid-connected operation. It is worth mentioning that the traditional synchronous 

generator does not have an optimal response in front of such transients as they generally have 

low damping factors. In this regard, synchronous generators are attached with a power system 

stabilizer (PSS) providing a positive contribution to the damping of the rotor, which can have 

frequency oscillation in ranges of 0.1 to 1Hz for interarea modes, and from 1 to 2Hz for local 

modes. 

The synchronization based on power balance is able to adjust the parameters of the damping 

factor to any desired value as it is a virtual device, adding a positive contribution and an 

enhanced performance during the oscillation. Due to the power synchronization, the frequency 

deviation is automatically detected by the power controller, adjusting and adding power to 

counteract the oscillation effect. Fortunately, the fast response of power electronics can aid in 

the stability of the system by properly adjusting this control algorithm. By this, the power 
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converter is enabled not only to damp oscillations within one range but include a selective 

power oscillation damping for specific oscillation modes [65]. Figure 82 shows a 30kW load 

connection fed by the synchronous machine. 

Load connection
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(b)

(c)

(d)

 

Figure 82: Oscillation damping of a synchronous machine with a 30kW load connection without the 

converter. (a) Grid voltage (b) Load current (c) Converter current (d) Converter active power 

(a)
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Figure 83: Frequency of the grid voltage during the mechanical oscillation of the synchronous 

generator (a) Converter current (b) Converter active power (c) Synchronous generator frequency. 
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If the system frequency in Figure 82 is analyzed it can be seen that although feeding the 

resistive load instantaneously, the sudden change of load generates an oscillation in a range of 

1Hz in magnitude and 0.5Hz in oscillation frequency, Figure 83(c). This low damping 

capability is generated by the slow reaction of the mechanical shaft in front of a load 

connection, leading to a high change in the frequency. 

In order to reduce the frequency oscillation of the electrical grid, the SPC-based power 

converter is enabled in the system. Figure 84 shows the dynamic behavior of the power 

converter during the load connection event. At the connection time, the SPC rapidly increases 

the active power delivered to the grid to reduce the oscillation in the frequency. Figure 85(a) 

and Figure 85(b) show the current and the active power injection during the load connection 

event, respectively. The power converter's fast action highly reduces the mechanical oscillation 

in the generator by providing the necessary power to the load, avoiding a fast current response 

of the synchronous generator, thus reducing the initial frequency oscillation. Furthermore, the 

power converter damps the oscillations of the generator by measuring the frequency deviation 

at the PCC and counteract by injecting a phase-shifted active power to reduce the frequency 

oscillation. It is possible to see from Figure 85(c) that the frequency oscillation has been highly 

decreased from a magnitude of 1Hz to a value around 0.1Hz, and the oscillation time has been 

reduced in time.  

Load connection

(a)

(b)

(c)

(d)

 

Figure 84: Mechanical oscillation damping of a synchronous machine with a 30kW load connection 

and the SPC-based power converter. (a) Grid voltage (b) Load current (c) Converter current (d) 

Converter active power 
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Figure 85: Frequency of the grid voltage during the mechanical oscillation of the synchronous 

generator with the SPC-based power converter. (a) Converter current (b) Converter active power (c) 

Synchronous generator frequency. 

4.3. Voltage regulation 

The reactive power and the voltage control are meant to respond during contingencies and 

shifts in generation and demand to ensure the voltage is within acceptable limits. This allows 

generation units to inject or absorb reactive power in accordance with the grid codes and the 

market rules. The voltage droop-based control is the most standard regulation in grid-

connected units, as it allows a natural integration of the reactive power control in parallel 

operation.  

4.3.1. Voltage droop control 

In an equivalent way to the frequency regulation, the electrical grid needs support from the 

grid-connected generation units to regulate the voltage profile in the network. Considering the 

electrical network is predominantly inductive, the reactive power injection can influence the 

system at a certain point. This regulation can be implemented as a droop-based system 

composed of a gain and a dead band boundary. Despite the differences in regulation demanded 

by countries, the droop characteristic is based on the difference between the nominal voltage 

of the area and the measured voltage at the point of connection of each generation unit, Figure 

86. 
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Figure 86: Implementation of the voltage droop control algorithm. 

In Figure 87 a representative case of the voltage droop-based slope and the dead band is 

presented. Those parameters can be adjusted to the desired behavior of the droop control, 

which has to fulfill the grid requirements in each country. 

25%

Reactive 

power
Vmax

Vmin

0

QindQcap

0

25%

-2%

+2%

Dead band

 

Figure 87: Q-V droop control study case 

The implementation of the voltage droop control in a VSM is generally done by adjusting the 

electromotive force in the virtual machine. This variation in the voltage reference creates the 

necessary reference to either absorb or inject reactive power to the grid when necessary. As 

shown in Figure 88 the droop-based voltage controller is included in the SPC implementation 

of a virtual machine. After detecting the voltage magnitude has gone above the dead band 

boundary, the system starts injecting reactive power to reduce the amount of voltage drop 

generated at the PCC, thus supporting the grid voltage. Once the voltage returns to the nominal 

value, the reactive power delivered by the power converter is automatically reduced. 
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Figure 88: SPC voltage droop control (a) PCC voltage (b) Power converter current (c) Reactive power 

of the power converter. 

This can be highlighted in Figure 89, which shows how the voltage magnitude is decreased 

at each step. In counteract, the reactive power injects inductive reactive power to increase the 

voltage level at the PCC. In this case, the voltage droop control is set with a 10% maximum 

voltage droop with a dead band of 5V. At t=2s the voltage crossed the dead band limit and the 

system starts injecting the necessary reactive power.  

(a)

(b)

(c)

 

Figure 89: SPC voltage droop control over 10V voltage steps. (a) Power converter current (b) 

Reactive power of the power converter (c) Voltage magnitude at the PCC.
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4.3.2. Low voltage ride-through (LVRT) - Balanced 

Although during steady-state operation the voltage is normally within the safety limitations, 

there are dramatic changes that threaten the stability of the system. Due to these voltage 

changes, some distributed generators may disconnect from the system. The system operators 

require the distributed generators to remain connected during grid disturbances depending on 

their duration and depth. The LVRT requirement participates in the recovery of the grid voltage 

by supporting the grid with reactive current within a designated voltage profile. As an example, 

the German grid code requirements for a three-phase voltage sag profile and the required 

current injection are presented in Figure 90. Figure 90(a) represents the voltage drop sequence 

in time, and Figure 90(b) the required current depending on the depth. This profile is only 

specified for a three-phase balanced voltage sag. 
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Figure 90: German grid code LVRT requirements 

To virtual admittance is in charge of determining the amount of current injected during the 

voltage sag. In this case, the dramatic change in the voltage magnitude instantaneously 

generates a reactive current in the virtual admittance due to the difference to the emf, Figure 

91. 
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Figure 91: Virtual admittance implementation 
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A balanced voltage sag can be appreciated in Figure 92 where an SPC-based power converter 

has a dramatic change in the voltage at the PCC. At the beginning of Figure 92(a) the voltage 

is heavily decreased to half of the nominal value, forcing the converter to inject reactive power. 

It can be clearly seen from Figure 92(b) and Figure 92(c) that the voltage magnitude is 

dramatically modified when the power converter provides reactive power support. Figure 92(b) 

displays the voltage sag without reactive support, whereas Figure 92(c) has both system active. 

 

(a) 

 

Figure 92: Two 100kVA power converters under a balanced three-phase voltage sag. (a) Time 

domain result of the two power converter (b) Voltage magnitude without power converters (c) Voltage 

magnitude with the power converter support. 
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4.3.1. Low voltage ride-through (LVRT) - Unbalanced 

It is well known that voltage sags are regarded as one of the frequency issues in the electrical 

grid, which not only consider three-phase faults but also one-phase faults, giving rise to an 

unbalanced system where the magnitude of the voltages may have important differences. To 

counteract these differences, the SPC approach enables a two-component virtual admittance, 

thus providing an automatic regulation for a balanced voltage sag or an unbalanced voltage 

sag. This structure is shown in Figure 93 where two bandpass filters are used to separate the 

positive- and negative-sequence component of the voltage error to be sent to the virtual 

admittance. This approach enables the system to regulate independently the amount of current 

injected for each sequence. 
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Figure 93: Positive and negative sequence virtual admittance for balanced and unbalanced voltage 

sags. 

An unbalanced voltage sag is generated in Figure 94 using a voltage sag generator. In the 

first test, two SPC-based power converters are connected to the PCC where the fault is 

generated. In Figure 94(a) the voltage change is generated without the action of any of the 

power converters. It can be seen that the voltage of one of the phases has a great drop compared 

to the other two signals, where the negative sequence voltage reaches a value of 80V 

approximatelly. In a second step, both power converters are enabled and the same fault is 

executed. Figure 94(b) shows the effect of the power converter negative virtual admittance. 

The reactive current injected by both power converters highly reduces the voltage drop at one 

of the phases, thus supporting the system to be more balanced. In this case, the negative 

sequence current increases to 80A which decreases the value of the negative sequence voltage 

to 40V. It is possible to see from Figure 94(b) that, even though the voltage sag is unbalanced, 

the current injected during the voltage contingency uses both positive and negative current 

injection to support the grid. 
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Figure 94: 100 kVA power converter under an unbalanced voltage sag (a) Without the power 

converter (b) With the power converter 

4.4. Power quality 

Frequency and voltage support are key to maintain the system under stable operating 

conditions. However, some additional services can be provided by power converters by using 

their high controllability. One common issue in many weak grids is the appearance of voltage 

harmonics, which are prone to be generated by a large number of devices. Among them, power 

electronic-based systems, like rectifiers, charging systems, or even computers, produce grid 

voltage harmonics. Furthermore, the combination of this distorted current to the line 
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impedance of the devices may give rise to severe damages to the equipment connected to the 

PCC. 

This issue has been presented in the literature to find an appropriate approach to compensate 

for those harmonic distortions [91], [92]. Some solutions present either a virtual impedance or 

a virtual admittance approach to reduce the amount of voltage distortion at the PCC [93]. The 

SPC uses the virtual admittance selective harmonic control to automatically reduce the 

harmonic presence in the grid voltage, Figure 95.  
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Figure 95: Selective harmonic control strategy based on parallel virtual admittance blocks. 

This structure uses bandpass filters to extract the harmonic component from the voltage error 

between the electromotive force emulated and the grid voltage. Then, this separated 

component is used to generate a specific current reference for the selected harmonic, which 

can be at any frequency and phase angle. Figure 96(a) presents the connection of a harmonic 

load into the same PCC where the power converter is connected. At the time of the connection, 

the SPC-based converter starts injecting harmonic current to reduce the harmonic distortion at 
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the grid voltage. When the power converter is disabled, Figure 96(b), it is possible to see how 

the voltage is highly distorted by the harmonic load connected at the PCC. 
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Figure 96: Connection of a harmonic load to the PCC of a 100 kVA SPC-based power converter (a) 

connection of the harmonic load to the system. (b) disconnection of the power converter 
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Chapter  

5.  

Synchronous control oriented to the 

device 
During the last decade, the installation of renewable energy systems (RES), especially PV 

and wind power, has experienced major growth in Europe [94]. The RES shared 12,7% of 

overall energy consumption in Europe, and its target is to get to a participation of 27% by 2030 

[95]. This increase in renewable energy penetration has forced newly integrated systems to 

provide grid-supporting functionalities, as dynamic support has been recently required by the 

system operators [96] and [97]. 

The integration of VSM into distributed power converters has been widely studied in the 

literature as well as its implementation in real experimental setups. It is well known that the 

VSM implementation provides a natural interaction with the electrical grid [69]. This is due to 

their power synchronization mechanism, which allows them to provide dynamic frequency 

and voltage control. Although the good performance of a VSM power converter in different 

applications, such as microgrids or small generation systems, the adaptation of this controller 

to a more extensive generation system is not straightforward. 

In this chapter, the study of a single power converter with one of the VSM implementations 

is presented, focusing on the controllability of the device and its features. Regarding the 

cascaded loop control, a general modeling of synchronous power control for a single power 

converter is described. 

During the last decade, common synchronization methods for connecting power converters 

to the electrical grid involved the synchronous reference frame phase-locked loop (SRF-PLL). 

The reason for this preference is the fast and precise detection of the grid phase angle and the 

grid voltage amplitude. Nevertheless, this implementation approach has limited capability to 

mitigate grid disturbances, such as unbalances, harmonic distortions, or noises in the 

measurement. For instance, any failure in the synchronization process results in an out-of-

phase detection, hence making the system prone to instabilities. 

In order to cope with these drawbacks, different control structures have been presented to 

break those limitations and enhance the stability and reliability of those grid-connected power 
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converters. The VSM approach has been one of the most interesting options, and although not 

all of them rely on the power synchronization concept, most of them add interesting features 

both for synchronization and steady-state operation. One of the most extended approaches is 

the SPC controller, which uses the swing equations and the virtual admittance to create a 

natural interaction of the power converter and the grid. Moreover, the control structure of the 

SPC makes the power converter act as a controlled current source, which inherently provides 

additional protection in case of overcurrents and of short-circuits. 

Although the SPC implementation is well studied in the literature, advances in regards to its 

operability have been achieved. In this chapter an advanced virtual synchronous machine 

implementation is composed using the well-known SRF-PLL integrating a virtual admittance 

compensation loop, enhancing the current controller structure. On top of this, a sensorless 

approach to the SPC implementation has been proposed to enhance the traditional performance 

of the power converter, allowing to act as a compensation loop with grid-forming capabilities, 

while still using the traditional control of a grid-following system. 

5.1. Cascaded loop control 

The SPC has been extensively used to allow power converters to perform as a synchronous 

generator. In contrast to the PLL-based conventional grid-following control schemes, the SPC 

relies on power balancing to maintain the synchronism and the power exchange with the 

electrical grid. The SPC can be separated into three control loops with different bandwidths, 

meaning that they can be independently tuned to meet the desired stability requirements and 

to fulfill grid codes. In this respect, the current control loop, the virtual admittance, and the 

power loop controller have different settling times and bandwidths; thus they can be tuned 

separately as they are almost naturally decoupled. The settling time of the current control is 

typically around 1ms, the virtual admittance considering a 0.3 p.u of virtual inductance and 

0.1 p.u of virtual resistance around the 15 ms, and finally, the power control loop has a settling 

time of 200 ms to 300 ms approximately. 

The most inner control in the SPC is the current controller. The demanded requirements for 

this loop are to track the current reference generated by the virtual admittance block and to 

endure the inherent characteristics of the LCL output filter of the power converter. The model 

in the stationary reference frame of the LCL filter can be expressed as: 
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The time-domain variables are represented by the converter-side current, 𝑖𝑐, the capacitor 

voltage, 𝑣𝑓, the grid-side current, 𝑖𝑔, and the equivalent voltage at the grid side, 𝑣𝑡ℎ. The 

constant parameters described by, 𝑅𝑐, 𝑅𝑓, and 𝑅𝑔 represent filter resistances. Whereas 𝐿𝑐 and 

𝐿𝑔 are the filter inductances, and 𝑅𝑡ℎ and 𝐿𝑡ℎ are the equivalent resistance and inductance 

coefficients, calculated from the grid short-circuit ratio (SCR) and the quality factor 𝑞 =
𝑅𝑡ℎ

𝜔𝐿𝑡ℎ
⁄ . These grid parameters [98] can be expressed as: 
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The LCL expression, obtained in (41), can be concisely represented as: 

 ( ) ( ) ( )
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Where it can be denoted that the output matrix is defined as 𝑪𝑙𝑐𝑙 = [0  0  1]. The 

digitalization of equation (73) can be expressed as: 
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The delay originated by the digital implementation of the controller highly affects the 

dynamic of the system, consequently, it is included in the controller design as a dummy 

variable, 𝑥𝑑, into the equation digital implementation definition. 
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To track the current reference, the internal model employed is used to define the proportional-

resonant controller as: 
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Where the 𝑒𝑖, denotes the difference between the current reference, 𝑖∗, and the current 

measurement, 𝑖𝑔. The discretization of this equation can be expressed as: 

( 1) ( ) ( )pr pr pr pr ik k e k  x A x B
 

(51) 

The current controller and the inverter model can be combined into a single space state 

equation modelled as following: 
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(52) 

The virtual impedance is generally parametrized according to the required voltage support 

by the grid codes. The state-space of the virtual admittance can be represented as: 
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(53) 

Where the parameters 𝑅𝑣 and 𝐿𝑣 represent the virtual resistance and inductance in the system 

that can be adjusted to obtain the desired performance, 𝑖𝑔
∗  is the current reference for the current 

controller, 𝑒 represents the internal electromotive force of the machine used as a voltage 

reference, and 𝑣𝑐 is the grid voltage measurement.  

The active and reactive power controllers are the fundamental elements to emulate the 

electromechanical loop of the synchronous generator. The active power is based on the 

electromechanical swing equations, previously presented in equation (7). And the reactive 

power controller is based on a proportional-integral loop, defined as: 
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(54) 

Where E is the virtual electromotive force of the emulated machine, 𝐸𝑛 is the nominal voltage 

of the grid, 𝑄∗ and 𝑄𝑚 are the reactive reference and the measurement, and the parameters 𝑘𝑝 

and 𝑘𝑖 are the proportional and integral gain, respectively. 

The resulting diagram of the SPC is shown in Figure 97. 
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Figure 97: Cascaded SPC implementation 

Although the core implementation has been widely implemented in different publications, 

several additional external loops have been integrated to cover the SPC operation in specific 

grid scenarios. 

5.1.1. External controllers – Vdc limitation 

In addition to the synchronous services presented in the previous section, some additional 

features have been added to the SPC control to expand its reliability and stability. In the case 

of weak dc-voltage links, such as PV systems, the dc-voltage might experience some dramatic 

changes due to unexpected events, such as line trips. To maintain the dc-bus voltage in those 

cases within the safety region of operation, a protection control loop has been added to the 

SPC controller, Figure 98. 
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Figure 98: Proportional integral PI strategy for dc voltage protection. 
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This protection loop has two PI controllers devoted to directly modify the phase-angle in the 

electromotive force, 𝑒∗, thereby modifying the active power to keep the dc-bus voltage within 

the specified limits. The range for the limitation of the dc-voltage link can be adjusted by 

setting the parameters 𝑣𝑙𝑖𝑚
𝑚𝑎𝑥  and 𝑣𝑙𝑖𝑚

𝑚𝑖𝑛 . This range specifies the maximum and the minimum 

voltage allowed in the power converter dc-bus. In addition, a saturation block is added at the 

output of each PI controller to ensure that the protection loop is acting only when the voltage 

at the dc bus is out of the limits and or above its maximum capacity. This control loop has a 

fast response since it changes directly the voltage reference of the SPC, its dynamic being set 

by the parameter 𝑘𝑝ℎ𝑎𝑠𝑒. 

5.1.2. External controllers – Resynchronization algorithm 

It is well known that the SPC strategy allows the power converter to be grid-forming, 

meaning that if there is no grid available for the power converter it is able to form its own grid. 

In this regard, the generation of the own grid allows the power converter to have a flexible 

grid-operation condition that can be disconnected from the utility grid when necessary. 

However, the system cannot be reconnected to the utility grid in the same manner due to the 

possible phase difference between the voltage created by the power converter and the phase in 

the grid. To synchronize the system to the electrical grid before its reconnection, two control 

loops are needed to ensure the synchronism of both elements, Figure 99. First, the frequency 

synchronization loop tries to match the grid voltage frequency with the islanded power 

converter frequency. Whereas the second loop ensures the phase-angle of both systems match 

to avoid a huge power spike during the reconnection time. The loop can be used in grid-

connected mode, however as the system is in-phase with the grid voltage it does not provide 

any power 
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Figure 99: Resynchronization control scheme 

The frequency loop includes an additional PLL to extract the frequency measurement of the 

grid voltage. The tunning of the PLL parameters 𝐾𝑝_𝑝𝑙𝑙 and 𝑘𝑖_𝑝𝑙𝑙 are based on the desired 

settling time and the nominal voltage of the grid. 
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This measurement is subtracted from the frequency detected by the active power controller 

in the SPC, 𝜔𝑣, which describes the frequency of the virtual rotor of the synchronous machine. 

The power output obtained from the frequency synchronization loop is attached as an 

additional input to the power loop controller in the SPC, which accelerates or decelerates the 

virtual rotor to match both frequencies. 

The phase synchronization loop uses the internal virtual phase, 𝜃𝑣, to rotate the grid voltage, 

𝑣𝑔𝑟𝑖𝑑 , into the synchronous reference frame. This rotation, using the Park transformation, 

detects the phase difference between both phases by terms of measuring the magnitude 

difference in the vector 𝑣𝑞 . Once the frequency is under a certain boundary the phase 

synchronization is enabled to match the grid phase-angle to the internal voltage generated by 

the converter. 

5.1.3. Real-time simulation 

The real-time simulation results are composed of a Typhoon HIL 602+ that emulates a 

200 kVA power converter connected to the grid, an NRGLab amplifier to increase the voltage 

level of the HIL simulation for the real measurement units, and a visualization control system 

to obtain all the data from the control board by using EtherCAT automation protocol (EAP) 

communications, as shown in Figure 100. 

Typhoon HIL 

602+

NRG.Lab 

HIL Connect

- 

Amplifier

Visualization 

control

Power converter 

control

Engineering 

PC

Real-time 

Simulation 

Control

 

Figure 100: Real-time simulation setup 
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The electrical system and the control scheme are presented in Figure 101. In this case, the 

SPC-based power converter is attached by the external resynchronization control, and in 

addition, does not include a reactive power controller, meaning that the electromotive force is 

fixed to 𝐸𝑣 parameter. 
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Figure 101: Resynchronization control, electrical and control schemes 

The real-time simulation results are separated into two stages to show the resynchronization 

process of the SPC-based power converter. The first result is the transition of the power 

converter into the island mode operation with and without a load at the PCC. The second result 

is the resynchronization process, where the two added external loops will force the system to 

synchronize to the external voltage. The electrical parameters of the real-time simulation are 

presented in Table 11. 

Symbol Definition Values 

S Converter nominal power 200 kVA 

Lf Inverter-side inductance 140 µH 

Cf Capacitance 240 µF 

Rd Damping resistance 25 m 

Lp+Ls Grid-side inductor 84 µH 

Zg Grid impedance 0.125  

Pdc dc source nominal power 200 kW 

Vdc dc nominal voltage 800 V 

Table 11: Real-time simulation electrical parameters 
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Table 12 presents the control parameters for the real-time simulation results. 

Symbol Definition Values 

Sn Nominal power 200 kVA 

Vn Nominal voltage 360 V 

fn Nominal frequency 314.15 rad/s 

H Inertia factor 5 

ξ 
Damping factor 0.7 

Rv Virtual resistor 2  

Xv Virtual reactance 6  

f

pk
 

Proportional gain frequency loop 0.1 

f

ik
 

Integral gain frequency loop 0.5 

ph

pk
 

Proportional gain phase loop 0.5 

ph

ik
 

Integral gain phase loop 1 

Table 12: Real-time simulation results control parameters 

The first HIL result is based on the island transition of the SPC-based power converter. In 

this case, the system was operating connected to the grid without exchanging any power to the 

system. In Figure 102, at t = 47 s the circuit breaker C1 is opened, leaving the power converter 

without any external grid to connect to. It starts operating as a grid-forming unit by creating 

and regulating the voltage and frequency. Once the circuit breaker is opened, from t = 47 s to 

t = 62s, the system remained to form the grid without any load connection at the point of 

common coupling. This can be appreciated in Figure 102(a) where the current is transitioned 

to zero and from Figure 102(b) which maintains the same voltage level with the same 

frequency. However, at t = 62 s a load is connected to the system which consumes 100 kW 

directly fed from the power converter. As soon as the load is connected to the system, the 

frequency starts drooping following the frequency droop control dynamics. 
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a) b)

Island transitionIsland transition Load connection
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c)  

Figure 102: Island transition and load connection of a 200 kVA SPC-Based  power converter (a) 

Current of phase A (b) Voltage at the converter side of phase A (c) System frequency deviation during 

the load event. 

Figure 103 shows the total response of the system in front of the load connection event, where 

the frequency droops until a value of 48,9 Hz.  

 

Figure 103: Total response of the system under the load event. 



Chapter 5. Synchronous control oriented to the device 

 

111 

 

The SPC-based converter is capable of maintaining the frequency of the system even during 

the load event connection. However, for the reconnection procedure, it is not possible to match 

the phase of the grid and the phase of the electromotive force of the virtual machine if the 

frequency, phase and magnitude are not close. For this reason, the resynchronization process 

starts with frequency control to adjust the islanded frequency generated by the power 

converter. Figure 104 shows the resynchronization process of the SPC-based power converter. 

At t = 245s the frequency loop is activated, starting the acceleration of the virtual rotor in the 

virtual machine by adding power reference to the PLC. Even though it is a power reference, 

the power provided by the converter does not change as it is the only generator feeding the 

load, Figure 104(b) . Once the frequency reaches a certain boundary, the phase synchronization 

tries to match the phase angle of both voltages. It can be seen on Figure 104(a) that the phase 

synchronization does four different attempts to match the phase of the virtual rotor to the phase 

of the grid. Once the system can follow the phase of the grid, the system frequency 

automatically reaches the target frequency as the phase controller is the one adjusting the speed 

of the machine to match the phase of the grid. As the power converter is operating in a grid-

forming condition, even though the active power reference is modified to resynchronize to the 

electrical grid, the active power delivered to the load remains constant, Figure 104(b).  
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Figure 104: Resynchronization procedure to the electrical grid of the SPC-based power converter (a) 

System frequency and grid target frequency (b) Active power output from the power converter 
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5.1.4. Experimental results 

The experimental setup is formed by a 200kVA power converter interconnected through an 

isolation transformer to the electrical grid. In addition, the dc-bus is provided by a 200kWh 

battery stack, and there is a variable load connected to the PCC. Figure 105 presents the 

electrical configuration of the experimental setup, which allows disconnecting the power 

converter from the electrical grid while the converter keeps feeding the local load. The 

experimental results are split into two stages. First, the transition to the island operation mode 

considering a load is already connected to the PCC. Second, the resynchronization process is 

enabled in the SPC-based power converter starting the synchronization process with the 

frequency and phase control loops. 

gV

gZ

Battery stack

200kVA Power converter

Transformer

1C

Variable load

PCC

 

Figure 105: Experimental setup configuration. 

In the first test, the power converter was injecting 30 kW previous to the opening of the circuit 

breaker C1. Figure 106 shows the behavior of the power converter during the grid 

disconnection. The zoom highlights the minor distortion in the voltage during the event.  
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Figure 106: Transition to island operation with a 30 kW load connected. 

At the instant of disconnection, the SPC leads the creation of the grid, regulating the amount 

of power fed to the load, the frequency, and the voltage magnitude during the island operating 

mode. In regards to the current before the disconnection, it is possible to see that it has a clear 

harmonic component lead by two aspects. First, the virtual admittance is compensating for 

voltage distortions which adds a harmonic component to the current for compensating the 

voltage. Second, the low inductance value of the converter filter inductance increases the noise 

due to the switching frequency increasing in this way the harmonic component at the output.  

The slow dynamic of the resynchronization process is due to the variability of the phase and 

the frequency of the electrical grid. First, the frequency loop will accelerate the virtual rotor 

until it reaches the boundary of 0.2 Hz from the measured frequency. When this value is 

reached, the phase synchronization will adapt the phase angle of the power converter to adjust 

its electromotive force to the one in the grid. For safety operation, the power converter has to 

remain phase synchronized to the grid voltage for two minutes before the reconnection. Once 

the safety time has been reached the system will automatically close the circuit breaker as seen 

in Figure 107.  
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Figure 107: SPC-based power converter reconnection to the electrical grid. 

It is possible to see that, during the transient, the power from the power converter resembles 

the connection of a synchronous machine in phase to the electrical grid. However, the 

increased damping factor highly reduces the oscillation during this reconnection. Furthermore, 

as the phase angle of the power converter and the grid are almost equal before the reconnection, 

the power deviation during the transient is reduced. 

5.2. Grid-forming PLL strategy 

It has been reviewed in the state of the art that the PLL has been widely used in the control 

of power converters. Despite the fast and precise detection of phase angle and amplitude of the 

grid voltage, the PLL has a limited capability in terms of harmonic distortions, unbalances, 

and grid-forming capabilities. This last issue is generally due to implementing the PLL 

strategy, which focuses on matching a voltage reference, and not generating a virtual one. 

Therefore, any failure in the voltage measurement leads to the total out-of-phase of the power 

converter, leading it to unstable operating points. In this regard, the literature presented some 

additional blocks to enhance the traditional operation of the PLL under some of those 

undesired environments [99] and [11]. 
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Grid-forming converters generally use the VSM approach to generate a virtual electromotive 

force to provide the power converter with interesting features such as the island mode 

operation or the automatic power balancing. However, in commercial power converters, such 

control is not yet widely implemented as the control is focused on the reliability of the system 

and its capacity to inject the required power into the grid. This control structure can be 

described in Figure 108, which is a grid-following power converter. This structure needs a 

voltage source to be connected to, as it acts as a voltage-controlled current source in front of 

the grid.  
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Figure 108: Three-phase power converter connected to the electrical grid using a traditional current 

controller and a PLL. 

The current controller is generally implemented in the synchronous reference frame, which 

uses the phase angle detected by the PLL to rotate at the same speed as the electrical grid. The 

PLL outputs can be identified in the dq axis as the magnitude of the input voltage in the d axis, 

and the frequency deviation in the q axis, which is generally used to ensure the phase matching 

between the 𝜃 of the PLL and the grid phase angle. The voltage-based synchronization system 

has been used as a method of reaching the VSM in some of their implementations, as presented 

in Section II. However, most of the approaches used the PLL in case of disturbances or as a 

protection element. 

In this way, the combination of a PLL and a virtual admittance enables the power converter 

to have a grid-forming capacity, as depicted in Figure 109. The addition of the virtual 

admittance into the structure of the converter control allows introducing a voltage error at the 



Chapter 5. Synchronous control oriented to the device 

 

116 

 

input of the admittance. Considering that the SRF-PLL extracts the voltage magnitude and 

frequency of the grid by rotating the system at the same rotational speed, an internal 

electromotive force can be induced by generating a value for the voltage amplitude in the d 

axis and a phase difference in the q axis. With this method, by regulating the voltage magnitude 

|𝑉𝑛| the reactive power is controlled, whereas the difference in ∆𝜔 regulates the active power. 

Considering the control of this structure, the PLL will determine the needed compensation 

current to be perfectly synchronized to the electrical grid. In addition, if the voltage at the grid 

side is lost, the internally generated emf will generate the necessary current to maintain the 

electrical grid. 
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Figure 109: Virtual admittance structure for the SRF-PLL synchronization system. 

The virtual admittance, 𝑌𝑉 ,  implementation in the stationary reference frame can be obtained 

from the Park transformation, leading to a coupling feedback loop between the d and q axes. 

This coupling is purely determined by the amount of inductance set in the virtual admittance, 

which defines negative and positive feedback from the quadrature signal to the voltage error 

of each axis, as shown in Figure 110. 
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Figure 110: Representation of a virtual admittance in the synchronous reference frame. 

5.2.1. Stability analysis 

In this section, the power converter stability is studied when the admittance compensation 

loop is integrated into the control loop. To analyze the system stability, the simplified block 

diagram is presented in Figure 111. This model is composed of a PI controller for the current 

control, a time delay Padé approximation for the PWM delay, an LCL output filter of the power 

converter, a PLL to detect the phase and the magnitude of the grid, a virtual admittance to 

generate the compensating current, a grid impedance to emulate the grid interconnection, and 

a rotation function to switch the model from the synchronous to the stationary reference frame. 

The terms 𝑒+𝑗𝜃 and 𝑒−𝑗𝜃  expresses the rotation shift between the different reference frames. 

When moving from the stationary to the synchronous reference frame 𝑒−𝑗𝜃 is used to 

decelerate the system to a continuous signal, whereas 𝑒+𝑗𝜃  is used to accelerate the system to 

a sinusoidal waveform at the specified frequency.  
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Figure 111: Extended block diagram for the virtual admittance with PLL and the rest of required 

blocks for the stability analysis . 
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In order to analyze the system properly, all the internal blocks have to be shifted into a unique 

reference frames. In this case, the synchronous reference frame is selected as it allows a simpler 

analysis of the PLL interaction. Even though the whole system can be shifted by rotating the 

system at the nominal frequency 𝜔𝑛, the effect of the PLL due to the park transformation 

cannot be discarded as it is highly affecting the dynamic of the system as shown in Figure 112. 
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Figure 112: Synchronous reference frame model with the PLL effect on the Park transformation. 

This PLL effect can be described as equation (57), which relates the input ∆𝑣𝑞  to the output 

∆𝜃. 

  2

pll pll

p i

pll pll

p i

k s k
G s

s k s k





 
 

(57) 

This will be included in all Park transformations used throughout the analysis, coupling the 

synchronous reference frame on its quadrature signals as shown in (58). 

1

1





 
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jθ
e

 

(58) 

In addition to the ∆𝜃 transfer function, to obtain the PLL transfer function for the frequency 

variation and the voltage magnitudes in the dq-reference frame, the following expressions can 

be used: 

 
2

2

pll pll

p i

pll pll

p i

k s k s
G s

s k s k



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 
 

(59) 

 Vd d qG s v v    
 

(60) 

 Vq q dG s v v    
 

(61) 
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Where the parameters 𝑘𝑝
𝑝𝑙𝑙

 and 𝑘𝑖
𝑝𝑙𝑙

 define the dynamic response of the PLL. The transfer 

function of the voltage magnitude is directly defined by the value of the voltage in the dq axis 

plus the variation in the quadrature component, ∆𝑣𝑑𝑞 , multiplied by the PLL effect, ∆𝜃. 

Following the same methodology, the rest of the transfer functions can be modeled in the 

synchronous reference frame. The transfer function of the PI controller can be defined as:  

 
0 1

0

i p

i p

k k s

k k s s

 
  

 
PI

G s

 

(62) 

In a similar way to the analysis presented in Chapter 3, the time delay of the PWM can be 

described as in (30).  

The plant system is composed of an LCL filter, which transfer function can be generally 

represented as the equation (63). The shift from the stationary to the synchronous reference 

frame of the inductances, capacitor, and damping resistor can be obtained by switching the 

Laplace coefficient, 𝑠, into a value of 𝑠 − 𝑗𝜔. The result for the transformation is shown in 

equations (64), (65), and (66). 
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(65) 
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(66) 

The values of [𝐿1, 𝑅1] and [𝐿2, 𝑅2] express the first and second inductance parameters, 

whereas [𝐶𝑓 , 𝑅𝑑] represents the capacitor value and the passive damping resistor of the filter. 

The grid impedance is added to the second inductance of the filter as an additional inductance 

and resistance.  
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(68) 

Finally, the virtual admittance block, 𝑌𝑣, can be modeled based on Figure 110 as: 
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(69) 

Where the parameters [𝐿𝑣 , 𝑅𝑣] can be modified online to increase or decrease the action of 

the compensation loop. 

The static parameters used for the analysis are described in Table 13. 

Symbol Definition Values 

S Converter nominal 

power 

100 kVA 

Lf Inverter-side inductance 777 µH 

Cf Capacitance 66 µF 

Rd Damping resistance 0.5  

L2 Grid-side inductor 294 µH 

Rv Initial virtual resistor 0.16  

Lv Initial virtual inductor 0.00152 H 

Table 13: Parameters for the analysis of the virtual admittance PLL. 

To analyze the stability and how the system reacts in front of different grid and control 

parameters, a pole movement analysis have been carried out. This study focused on three 

parameters modifications while the other are set as static to highlight their effect on the 

system’s eigenvalues. In a first scenario, the system is analyzed with and without the virtual 

admittance compensation loop for a variation in the SCR of the grid, from 10 to 1.5, achieved 

by modifying the interconnection impedance. In this first case, the parameters of the PLL are 

defined as static parameters and the settling time, 𝜏𝑠, is set to 40ms. In a second scenario, the 

grid SCR is set to a fix value and the control parameters of the PLL are modified by adjusting 

the settling time 𝜏𝑠. In this case the system is also analyzed with and without the virtual 

admittance to demonstrate the increase on the stability and performance of the power 

converter. Finally, in the third scenario, the system is analyzed for two different SCR values, 

one with a SCR = 2 and the other one with SCR = 10, with a fix settling time of 40ms in the 

PLL.  

Scenario1: 

Figure 113 shows the pole movement due to the SCR change in the grid with a fix settling 

time of the PLL. The poles of the system without virtual admittance, red dots in the figure, 

move towards the unstable area when the SCR of the grid is reduced below the value of 1.6. 

As is it clearly seen in the figure, the system present a poorly damped pole when the SCR is 

close to 2, with a natural resonance frequency of 109 rad/s. In contrast, the virtual admittance 
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compensation, blue dots in the figure, moves those unstable poles to the stable region, Figure 

113, increasing the damping in all the range and maintaining its value during the different 

values of SCR. 

SCR

40s ms 

SCR

SCR

 

Figure 113: Eigenvalues movement for different SCR with fixed PLL = 40 ms, with virtual 

admittance (blue) without virtual admittance (red). 

To highlight the difference between operation points, with and without the virtual admittance, 

two simulation results are analyzed. Figure 114(a) display the time domain result of the system 

in a SCR of 2 with a PLL settling time of 40 ms. In this case, it is clearly seen that the response 

of the system under a current step to 𝐼𝑑𝑞 = 72 𝐴 is highly underdamped, showing a slow 

dynamic response and a oscillation frequency around 109 rad/s  as indicated in the poles result 

in Figure 113. The use of the virtual admittance increase the damping and the time response 

of the system during the step as shown in Figure 114(b). The current step response is damped 

and the dynamic response of the system is fast, reducing the possible oscillation of the system.  
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Figure 114: Current step Id=72 A and Iq = 72 A simulation results in a SCR = 2 grid connection with 

a 40 ms PLL settling time (a) without virtual admittance (b) with virtual admittance 
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Scenario 2: 

The eigenvalues in Figure 115 represent the movement of the poles considering a settling time 

variation of the PLL in a grid with a SCR of 2. The settling time of the PLL is moved from a 

value of 50 to 200 ms, where as shown in Figure 115, it highly affects the stability of the system 

by moving the poles into the unstable zone. On the one side, the system without virtual 

admittance presents an unstable behavior close to the 50 ms settling time for the PLL, which 

has a very low damping coefficient with a slow dynamic response. On the other side, adding 

the virtual admittance into the system improves the overall stability of the system. Even though 

the dynamic is modified, the damping factor remain under the same value.  

s

2SCR 

s

s

s

 

Figure 115: Eigenvalues for a fixed SCR = 2 and movement in the PLL settling time (𝜏𝑠) from 50 ms 

to 200 ms, with virtual admittance (blue) without virtual admittance (red). 

To display the difference between the different operating points of the system, with and 

without virtual admittance, two simulation results have been obtained to highlight the benefits 

of the compensation loop. Figure 116(a) shows the system close to the unstable area, where 

the natural frequency of oscillation is around 95 rad/s with a highly underdamped response. If 

the settling time is increase to 200 ms, Figure 116(b), the stability of the system increase as 

the poles move towards the left side. Although the system is more stable, the dynamic response 

of the system is also reduced, giving rise to a higher settling time of the controller. 
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(a) 

 

(b) 

Figure 116: Time-domain simulation for a fixed SCR = 2 and movement in the PLL settling time (𝜏𝑠) 

without virtual admittance (a) 50 ms settling time (b) 200 ms settling time 
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(a) 

 

(b) 

Figure 117: Time-domain simulation for a fixed SCR = 2 and movement in the PLL settling time (𝜏𝑠) 

with virtual admittance (a) 50 ms settling time (b) 200 ms settling time. 
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Once the virtual admittance is included into the converter control, the poles move to the left 

side of the map, Figure 115, increasing the damping and the dynamic response. This response 

is highligthed in Figure 117(a) and Figure 117(b), which increases the performance under the 

current step. Even though both systems presents an improved response compared to Figure 

116, the decrease in the settling time in the PLL also affects the dynamic behavior of the 

current controller, presenting a slower response during the step. 

Scenario 3: 

Finally, Figure 118 illustrates the eigenvalues movement due to the modification of the gain 

in the virtual admittance, increasing both variables at the same time in different SCR of the 

grid. The nominal values for the virtual resistance and inductance have been selected based on 

traditional values for the subsynchronous impedance of a synchronous generator, with an the 

inductance around 0.3 p.u and a resistance of 0.1 p.u. It can be seen from the figure that for a 

low SCR, the virtual admittance has a beneficial effect on the damping and the speed of the 

eigenvalues, moving them to a more stable zone. In contrast, in a high SCR it impacts the 

damping of the pole but not as noticeable as in a weak grid condition. 
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2SCR 10SCR 
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Figure 118: Eigenvalues for a fixed SCR = 2 (red) and SCR = 10 (blue) and a PLL settling time (𝜏𝑠) 

of 40 ms, with an increasing value of virtual admittance from a unitary value to 100 times larger. 
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The time-domain simulation presented in Figure 119 displays the difference between three 

virtual admittance gain factors. The parameters of the virtual admittance have been scaled from 

the nominal parameters to five larger, and finally increased ten times from the nominal value. 

It can be seen from Figure 119 that the difference in virtual admittance scale highly affects the 

damping of the system, where the larger the admittance the lower the damping of the system 

during the current step. Furthermore, as the virtual admittance uses voltage difference as an 

input it also supports the voltage magnitude level. This can be clearly seen from the difference 

between the capacitor voltage, 𝑉𝑑, compared to the one with a larger admittance, 𝑉𝑑5. In the 

case of 𝑉𝑑, the q current component is providing more voltage support than in the case of 𝑉𝑑5, 

resulting in the possibility to inject more active power during the step. 

 

Figure 119: Time-domain simulation for a fixed SCR = 2 and a PLL settling time (𝜏𝑠) of 40 ms, with 

three different virtual admittance gains. 
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5.2.2. Experimental results 

The experimental setup is composed of a 10 kVA power converter, two 2kW active loads,  

and a 10 kW dc power source. The system is connected through an isolation transformer and 

a circuit breaker to the utility grid, which can be opened to reproduce the island mode 

transition.  

 

Figure 120: Experimental setup of a 10 kVA power converter. 

The electrical scheme of the system is depicted in Figure 121. 
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Figure 121: Electrical configuration of a 10 kVA power converter connected to the grid. 

The results are separated into two sets of experiments. The first experiement consists of an 

island transition of the power converter to ensure the grid-forming capacity of the combined 

structure of the PLL and the virtual admittance. The grid-forming capacity will be put under 

test by adding loads during the island mode operation, which will force the converter to 

increase and decrease the power fed to the loads while maintaining the grid under a stable 

operation. The second experiment exposes a comparison between the system with and without 

virtual admittance during a voltage sag. The electrical parameters are presented in Table 14 

and the control parameters in Table 15. 
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Symbol Definition Values 

S Converter nominal power 10 kVA 

Lf Inverter-side inductance 2.6 mH 

Cf Capacitance 5.5 µF 

Rd Damping resistance 0.1  

Lp+Ls Grid-side inductor 0.76 mH 

Zg Grid impedance 0.125  

Pdc dc source nominal power 10 kW 

Vdc dc nominal voltage 750 V 

Table 14: Electrical parameters of the 10kVA power converter 

Symbol Definition Values 

kp Proportional gain  5 

ki Integral gain 1010 

kp_PLL Capacitance 0.5 

ki_PLL Damping resistance 10 

Rv Virtual resistance 1.6  

Lv Virtual reactance 15,2 mH 

fsw Switching frequency 10 kHz 

Table 15: Control parameters of the 10 kVA power converter 

Figure 122 presents the island transition of this combined control scheme. In the beginning, 

the power converter was not exchanging any power to the grid, and the 2 kW active power 

load was directly fed by the grid. Once the circuit breaker is opened, the combined controller 

of the PLL and the virtual admittance generate a current reference due to the loss of voltage at 

the PCC to maintain the grid. Figure 122 shows the moment of the circuit breaker opening and 

, as a consequence, the frequency of the system is slightly modified. Once the system is stable 

in island mode, Figure 123 shows the performance of the controller during connections and 

disconnections of active power loads. It is worth mentioning that each load connected to the 

grid increases the amount of current to be fed by the converter, but reduces the voltage 

amplitude. 
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Figure 122: Island transition event with the combination of virtual admittance and PLL. 

ZOOM

 

Figure 123: Load connections during island operation mode of the power converter. 

In the second test, a voltage sag is generated at the PCC of the power converter suddenly 

changing the voltage measurement and affecting the current controller. As it is possible to see 

in Figure 124, the behavior of the traditional power converter control without the virtual 

admittance is presented. During the voltage drop, the power converter does not inject any 

reactive current into the system. Even though the power converter is not providing any support, 

with a zero power reference value, during the event, the inverter current presents an oscillation 

during the entrance and the exit of the voltage sag due to the effect of the PLL. In Figure 125 

the system is attached with the virtual admittance. The voltage difference created by the 
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measured voltage magnitude and the nominal value of |𝑉𝑛| gives rise to a reactive 

compensation current to support the grid during the event. 

ZOOM

Voltage sag

 

Figure 124: Voltage sag without the combined effect of the PLL and the virtual admittance 

The amount of reactive power injected is directly determined by the virtual admittance gain, 

which can be settled to inject a specific amount of reactive power. It can be seen from Figure 

124 that the voltage sag is around 50% of the nominal voltage. Thus, following the LVRT 

requirement of the German grid code, it has to inject around 80-90% of the reactive power 

during the event. It is possible to see from Figure 125 that channels 1-2 have a 90º inductive 

phase shift between the voltage and the current injected, meaning that the power converter is 

injecting inductive reactive power to support the grid during the voltage contingency. 

ZOOM

Voltage sag

 

Figure 125: Voltage sag with the combined effect of the PLL and the virtual admittance 
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5.3. Sensorless grid-forming control 

In the previous section, the addition of the virtual admittance in the traditional structure of a 

power converter was enough to converter its control from a grid-following to a grid-forming 

power converter, with features similar to the ones in a synchronous machine. The initial 

structure uses a synchronous reference frame PI controller and a PLL connected to the grid 

voltage measurement to regulate the output current by tracking the phase and the voltage 

amplitude of the system. This standard configuration is depicted in Figure 126, where the 

power converter is seen as a controlled current source, and the PLL is extracting the necessary 

phase and voltage magnitude from the grid voltage. The effect of the PLL over the current 

control has been widely studied in [100], where the effect of the synchronization system over 

the current and voltage transformations can be set as an admittance shaping between the 

systems.  
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Figure 126: Traditional SRF-PLL implementation approach. 

It has been demonstrated that, by attaching a virtual admittance to the approach, Figure 126, 

the system is able to obtain grid-forming features, such as the islanding operation or the voltage 

and frequency support during faults. In this regard, to reduce the effect of the Park 

transformation from the voltage measurement, it is switched to the voltage reference generated 

by the power converter. This approach reduces the number of voltage sensors needed for the 

system to be synchronized, as it directly uses the reference voltage at the converter side.  

Although the system can operate by using the internal voltage to synchronize to the grid, 

there are some challenges in the startup as the output voltage of the controller is not in steady-

state from initial conditions. On top of this, even with the modification of the measurement 

point, the system is still operating as a controlled current source from the point of view of the 

grid, Figure 127.  
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Figure 127: Voltage sensorless approach with standard SRF-PLL 

The synchronization loop directly uses the q axis of the reference voltage of the controller to 

obtain the phase angle of the system. Considering that the reference voltage is already in the 

synchronous reference frame, the Park transformation is omitted from PLL implementation. 

Thus, it is possible to obtain the frequency of the grid as shown in Figure 128. 
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*

qv g

 

Figure 128: SRF-PLL without the Park transformation for the sensorless approach. 

This concept of switching the voltage measurement into the current controller output leads 

to many different implementations of traditional power converter control schemes. First of all, 

the use of the control scheme presented in Figure 127 partially removes the voltage 

measurements required at the grid side, and presents a simple approach to a grid-supporting 

power converter strategy, by using the internal output voltage of the current controller to adjust 

the current control. If the virtual admittance approach is implemented in this case scenario, the 

power converter is enabled to provide grid-forming capabilities. Furthermore, a proper tunning 

to the PLL can resemble the dynamic effect of a virtual synchronous machine.  

In this regard, by using the sensorless concept presented above, the integration of a VSM as 

a compensation system for the power converter is a feasible solution. One of the incoming 

requirements from the grid codes is the emulation of inertia and the power oscillation damping, 

which is generally present during frequency distortions on the electrical grid. The different 

VSM, especially those based on a power-based synchronization, have presented a simple yet 

effective approach to emulate those performances by using the swing equations. However, in 
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all those VSM implementations the swing equation was used as power controller in steady-

state, and not specifically for transient events as the compensation proposal. 

A simple approach to self-synchronize a current control is presented in Figure 129, which 

can include an additional compensation loop to adjust the current controller, leading to the 

self-synchronous current control strategy (SSCC). This basic control scheme presents only a 

unitary gain value in the 𝑣𝑞  to use it as a variation in rotational speed. It is possible to obtain 

the frequency and the phase angle of the grid using this simple strategy without the need for 

any external voltage measurement unit. 
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Figure 129: Self-synchronous current controller 

This strategy allows a synchronous reference frame current controller to self-synchronize to 

the electrical grid without the need for any external voltage measurement. However, this 

strategy only synchronizes the system to the electrical grid and does not provide any kind of 

support during faults. This initial scheme in Figure 129 can be extended into a PI controller, 

that would match the SRF-PLL implementation with the virtual admittance but avoids the 

phase distortion due to Park transformation, Figure 130. 
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Figure 130: Sensorless PLL with a virtual admittance block diagram. 

5.3.1. Stability analysis 

In this section, the stability of the proposed sensorless approach is analyzed. The equivalent 

model can be conceived as Figure 131, which avoids the PLL effect due to the Park 

transformation on the voltage measurement as it directly obtains the voltage from the output 

of the PI in the synchronous reference frame. This improvement can highly reduce the effect 

of disturbances on the mesasurement devices, such as dc-components, reducing sensing filters, 

and avoiding additional delays due to the measurement stage.  
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Figure 131: Synchronous reference frame model of the sensorless PLL with virtual admittance system 

and the rest of required blocks for the stability analysis 



Chapter 5. Synchronous control oriented to the device 

 

136 

 

Figure 132 shows the difference in the eigenvalues movement between the use of the internal 

or the external voltage measurement on the virtual admittance compensation loop. On the one 

hand, the red dots highlight the effect of the external voltage during the decrease of the grid 

SCR, which moves towards a slower system but without crossing the unstable boundary. 

Furthermore, the system remains with a similar damping coefficient even in very low values 

of SCR. On the other hand, the blue dots presents the internal voltage measure which display 

almost identical behavior to the external measure when the grid is becoming weaker. Even 

though both system present similar behaviors the internal voltage generated by the current 

controller gains damping factor during variation in the grid SCR. 

SCR 40s ms 

 

Figure 132: Eigenvalues movement for different SCR with fixed PLL = 40ms. With internal voltage 

measure (blue) with external voltage measure (red). 

The difference is more significant when comparing the PLL settling time using internal or 

external voltage measurement. Figure 133 shows the eigenvalue movement for a fixed SCR 

and a movement in the settling time from 50 to 200 ms. It is seen in the figure that, even though 

the settling time heavily affects the damping factor and the speed of the system when the 

external voltage is used, the damping factor remains almost constant when using the internal 

voltage. 
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Figure 133: Eigenvalues for a fixed SCR = 2 and movement in the PLL settling time (𝜏𝑠) from 50ms 

to 200ms. With internal voltage measure (blue) with external voltage measure (red). 

5.4. SPC sensorless grid-forming strategy 

Although the PLL provides a good behavior, the system can be enhanced even further by 

using the power synchronization, utilizing the power delivered at the output of the converter. 

In this way, a sensorless VSM can be implemented in the current controller, not as a power 

controller but as a compensation system that provides an additional performance under faults. 

The SPC controller can be adapted to fit in this sensorless control loop by adding the virtual 

admittance and the power loop control to set the dynamic response for the inertia and damping. 

Some modifications have to be made in the synchronous controller to attach the SPC to this 

SSCC structure. Figure 134 presents the combined control scheme of the SSCC and the SPC 

controller. The electromagnetic block of the SPC, the virtual admittance (VA), creates the 

compensation current depending on the movement of the output reference voltage to the power 

converter 𝒗𝒅𝒒
∗ . If there is a mismatch between the previous voltage generated by the reference 

voltage, 𝒆𝒅𝒒, and the controller voltage, 𝒗𝒅𝒒
∗ , the system will create not only a current 

compensation but also a power deviation to adjust the reference voltage until the power error 

is eliminated. 
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Figure 134: Self-synchronous current controller integrated with the SPC controller 

This structure is active only during changes in the voltage reference output either produced 

by power reference changes in the controller or changes in the grid that makes the controller 

modify its output voltage to regulate the power output. 

5.4.1. Simulation results 

The simulation setup is composed of a 100 kVA power converter with an LCL filter, an 

isolation transformer, a grid interconnection impedance, and a circuit breaker to control the 

connection to the electrical grid, Figure 135. In the simulation results, the sensorless SPC 

implementation block presented in Figure 134 is used in three different scenarios. First, a 

power step with the compensation loop is made, followed by a load connection at the PCC, 

generating a phase shift in the voltage. Second, a voltage sag is generated at the grid side, 

where the power converter supports the grid during the fault. Finally, an island transition of 

the system will be done, by opening the circuit breaker connecting to the grid. The short-circuit 

ratio is intentionally decreased to a value of 3, to highlight the effect of the system under a 

weak-grid connection. 
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Figure 135: 100 kVA power converter simulation setup 

The electrical parameters of the system, the controller parameters for the SPC controller, and 

the current controller are specified in Table 16 and Table 17, respectively. 

Symbol Definition Values 

S Converter nominal power 100 kVA 

Lc Inverter-side inductance 777 uH 

Cf Capacitance 66 µF 

Rd Damping resistance 0.5  

Lf Grid-side inductor 294 mH 

Zg Grid impedance (0.531j + 0.053)  

Pdc dc source nominal power 100 kW 

Vdc dc nominal voltage 750 V 

Table 16: Electrical parameters of the 100 kVA power converter 

Symbol Definition Values 

kp Proportional gain  5 

ki Integral gain 1010 

H Inertia constant 5 

ξ Damping factor 1 

Rv Virtual resistor 0.16  

Lv Virtual inductor 15.2 mH 

fsw Switching frequency 3150 Hz 

Table 17: Control parameters of the 100 kVA power converter 
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A. Power step and load connection 

Figure 136 presents an active power step in the system using the external current reference, 

𝐼𝑒𝑥𝑡 , to provide 50 kW to the grid. At the moment of the step, due to the modification in the 

output voltage of the controller, the synchronous compensation system generates a current 

reference to limit the phase deviation, which is translated into active power exchange to the 

grid. This leads to generate the final current reference to the power converter, 𝐼𝑅𝑒𝑓 , which 

follows the summation of both current references. In this case, the compensation system limits 

the maximum deviation angle on the reference voltage. The slow dynamic of the system 

reaching the steady-state after the 500 ms is due to the low SCR of the grid. As the SPC 

emulates the behavior of a synchronous generator, the weaker the grid the slower the dynamic 

response of the system. All the current references plotted in Figure 136 are obtained from the 

summation block before the current controller. 

 

Figure 136: 50 kW power step in a weak grid with the compensation SPC algorithm. 

Once the system has reached a steady-state, a load is connected to the PCC of the power 

converter. Due to the weak grid, this load connection creates a considerable phase shift in the 

grid voltage, Figure 137. The synchronous compensation system modifies the active power 

delivered by the power converter to offer dynamic support of inertia and damping during the 

event, without modifying the external reference. 
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Figure 137: Active load connection at the PCC of the power converter. 

B. Low-voltage ride through 

In this simulation results, the system goes through a three-phase balanced voltage sag 

generated at the PCC of the power converter. The voltage is reduced to 80% of the nominal 

magnitude representing a reactive power injection of 20% of the nominal current of the power 

converter based on the LVRT German grid code. First, Figure 138 presents the system without 

the compensation system, just with the traditional control which does not provide any grid-

supporting service during the event.  

 

Figure 138: Voltage sag without the compensation system. 
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The result presented above, Figure 138, only has a PLL to synchronize to the system and the 

current control, which focuses on matching the grid voltage. Due to the voltage sag, the 

external current reference increases its setpoint to maintain the same active and reactive power 

delivered to the system, independently of the grid condition. In Figure 139, by including the 

the sensorless synchronous control, the system provide an automatic response to the voltage 

sag. Even though the output voltage of the controller decreases to the value of the grid, the 

reference from the SPC creates a setpoint for the voltage magnitude. This voltage difference 

computed by the virtual admittance gives rise to an immediate current response from the power 

converter to support the grid voltage. Although the system starts injecting reactive power, the 

active power is maintained from the external current reference, which increases its value to 

adjust to the new voltage magnitude. 

 

Figure 139: Voltage sag with the compensation system 

To compare both support actions, Figure 140 presents the comparative results obtained from 

the voltage sag with and without the compensation loop. Without the compensation loop, the 

grid voltage magnitude decreases to a value of approximately 290 V, due to inexistent support 

provided by the system. Once the compensation loop is attached to the system, the reactive 

power injection during the fault increases the voltage magnitude up to 340 V, representing a 

50 V improvement on the voltage level.  
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Figure 140: Voltage support during voltage sag with and without the compensation loop. 

C. Island transition 

The last simulation result is the island operation mode of the power converter. In this case, 

as shown in Figure 141, the power converter is transitioned to island mode at t = 1.5 s, where 

the circuit breaker is opened.  

 

Figure 141: Island transition with the synchronous compensation loop. 
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At that instant, the sensorless-SPC compensation loop, Figure 134, computes the voltage 

error and sends a current reference to maintain the electrical island fed. As the power converter 

is the only system feeding the load connected, the frequency is reduced accordingly to the 

increase of power due to the load.  

5.4.2. Experimental results 

The experimental setup for the sensorless synchronous compensation loop is composed of a 

10 kVA power converter, a 10 kW dc-source for the dc-voltage link, and an interconnection 

impedance to reduce the SCR of the system to a value close to 3, Figure 142. The grid 

interconnection cabinet is composed of inductances and an autotransformer that allows the 

generation of voltage sags, by selecting different combinations of inductances. 
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Figure 142: Sensorless synchronous compensation loop experimental setup. 

The electric parameters are presented in Table 18, and the controller parameters in Table 19. 

Symbol Definition Values 

S Converter nominal power 10 kVA 

Lc Inverter-side inductance 2.6 mH 

Cf Capacitance 5.5 µF 

Rd Damping resistance 0.1  

Lf Grid-side inductor 0.7 mH 

Zg Grid impedance 1.570  

Pdc dc-source nominal power 10 kW 

Vdc dc-nominal voltage 750 V 

Table 18: Electrical parameters of the 10 kVA experimental setup 
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Symbol Definition Values 

Rv Virtual resistor 0.1 p.u 

Lv Virtual inductance 0.3 p.u 

kp Proportional gain current 

controller 

5 

ki Integral gain current 

controller 

500 

H Inertia constant 5 

ξ Damping factor 1 

fsw Switching frequency 10 kHz 

fsamp Sampling frequency 10 kHz 

Table 19: Control parameters of the 10 kVA power converter 

The experimental results are separated into two stages. The first one, a voltage sag is 

generated from the grid interconnection cabinet and the power converter is tested under three 

different scenarios. The second one, an island transition is made by opening the circuit breaker 

of the power converter, where different load will be connected to the system. 

A. Low-voltage ride through 

The first experimental result is based on the dynamic support of the power converter during 

a voltage sag at the PCC. Figure 143 presents the drastic voltage change of 50% in the system 

during the voltage sag without the use of any power converter connected to the system. 
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Figure 143: 50% voltage sag without the power converter connected to the grid. 
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Once the power is connected to the system and equipped with the compensation loop, it 

automatically generates a reactive current reference to withstand the voltage drop and provide 

the necessary support to increase the voltage as much as possible. In this case, the voltage is 

increased only by 15 V from the initial experimental results in Figure 143 due to the current 

limitation set to 10 A. If the current limitation is extended to 20 A, the dynamic voltage support 

generated by the power converter can be increased to approximately 30 V. 
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Figure 144: 50% voltage sag with the power converter equipped with the compensation loop limited 

to 10 A. 
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Figure 145: 50% voltage sag with the power converter equipped with the compensation loop limited 

to 20 A. 
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B. Island transition 

In this experimental result, the power converter was forced to operate on island mode with a 

load connected to the PCC. Once the grid has been disconnected from the PCC, the power 

converter feeds the loads that remain connected to the islanded system. Figure 146 presents 

the island transition of the power converter, where it was not delivering any power to the grid 

before the event. After the circuit breaker is opened, the power converter feeds the 8 kW load 

instantaneously, as it is the only generator in the system. Due to this, the frequency and the 

voltage magnitude of the voltage created and regulated by the power converter are slightly 

modified. 

 

Figure 146: Island transition of the power converter feeding an 8 kW load. 

Finally, after the steady-state has been reached for the transition of the island mode, some 

load transitions were done in the system. The first load step decreases the active load from 

8 kW to 4 kW, as can be observed from the zoom highlight in Figure 147. In this plot, the 

changes in the active power demanded by the system highly affect the frequency, increasing 

its value when the power converter is less loaded. The active load keeps decreasing until 

reaching a value of 0, where the power converter can maintain the grid voltage generated. 
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Figure 147: Island operation of the power converter with the synchronous compensation loop. 

5.5. Conclusions 

The synchronous control oriented to the device has been presented as a feasible way to 

include the functionalities of a synchronous machine into a power converter. In this regard, 

some additional control structures have been presented for the use of the SPC approach in the 

device to regulate and improve their reliability and the functionalities of the system, such as 

the Vdc limitation strategy or the resynchronization structure for an SPC-based power 

converter.  

The use of this structure as a power controller highly improves the regulation of the power 

converter especially during faulty scenarios where the system naturally responds to any 

modification of the electrical grid. However, this natural response also has some drawbacks 

considering errors in measurements, especially in voltage, which can lead to high distortion in 

the current injected or even in dc components appearing into the system, creating possible 

failures and additional power losses in the system. In addition, the virtual admittance approach 

in the SPC may lead to some harmonic injection to compensate for voltage distortions, which 

can be reduced by using the multi virtual admittance approach. 

The VSM machine approach is based on emulating the synchronous machine, and its capacity 

to provide a fast response during frequency or voltage events. In general, the traditional 

structure of the converter enabled only partial support using the droop-based regulation. The 

grid-forming PLL approach has been presented and tested in an experimental setup to show 
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the feasibility of the implementation. The virtual admittance enables the power converter to be 

a grid-forming generator, and with the proper tuning of the PLL, it may resemble the 

performance of a synchronous machine. 

Although both of the implementations have been tested under experimental setups, both 

systems needed the use of an external voltage measurement to either synchronize to the system, 

using a PLL, or to generate the necessary error for the virtual admittance. In this regard, a 

voltage sensorless synchronous compensator has been presented based on the idea of the self-

synchronous current controller. This simple concept avoids the use of a PLL and reduces the 

coupling effect due to the Park transformation in the synchronization loop, enabling the current 

controller to be synchronized to its output voltage. This implementation has been tested under 

simulation and experimental setups, where the system has presented a good performance under 

grid-connected and island operation modes. 
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Chapter  

6.  

Synchronous control oriented to the 

system 
The power system was designed to regulate large centralized units to closely monitor and 

control in real-time the generation unit, ensuring the safe operation and reliability [8], [101]. 

The increased integration of RES presented new operation challenges to the already existing 

power system [102].  

One of the main challenges of hugely increasing the renewable energy integration into the 

power system is the overwhelming amount of information that has to be processed in real-time 

by the operators. Moreover, the information regarding the reliability of the electronic 

interfaced system in a parallel operation condition, where hundreds or thousands of power 

converters would be simultaneously exchanging energy with the grid. It has been reported in 

the literature that power converter-based generation units are affecting the stability and 

reliability of the power system [3]. Even though the disturbances introduced by these systems 

are rarely considered due to their small participation in the power system, this is changing 

around the world due to the fast rise in RES integration, and the replacement of fossil-fueled 

power plants [103]. In this regard, there is a clear need to design and operate renewable power 

plants (RPP) to contribute to the stability of the power system, balancing generation and 

demand [104]. 

The renewable power plants, based on PV and wind, are composed of thousands of power 

converters whose control strategy plays a crucial role in the stability and reliability of the 

system [105]. Nowadays, the most common control scheme used for power converters in 

power plants is mainly based on a grid-following approach [87]. This operation mode allows 

the power converter to regulate the active and reactive power delivered to the electrical grid. 

Moreover, some simple grid supporting functionalities, such as a droop-based frequency 

regulation loop or a voltage regulation loop can be easily adapted to this control structure 

[106]. The power converters composing a renewable power plant are generally connected in 

parallel to the point of common coupling through step-up transformers. This additional 

impedance introduced by the transformer and the interconnection lines, make it difficult not 

only to ensure precise control on the active and reactive power delivered to the grid but also 
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to implement grid services. Furthermore, the grid conditions highly affect the interaction with 

each of the power converters which may give rise to undesired dynamics [107].  

Renewable power plants are demanded to provide primary control services such as frequency 

or voltage regulation, however, they are now required to provide some dynamic services such 

as inertial response and power oscillation damping [108]–[111]. To implement those new 

required services two approaches can be used. The first approach is based on the replacement 

of the grid-following power converter control into a grid-forming power converter, where each 

power converter can emulate the performance of a synchronous generator, providing synthetic 

inertia and damping to an electrical grid. This implementation has been demonstrated possible 

in [112] and [113] for a single power converter. However, this approach may not be a cost-

effective solution to the renewable power plant, as replacing the control system of all the power 

converters requires a huge development effort and a lot of resources. Moreover, a bad 

implementation of the VSM controller may give rise to power oscillations issues in the plant.  

Nevertheless, the limitations of using multiple grid-forming power converters can be solved 

by adjusting the synchronous control into the power plant controller, not controlling individual 

units but the whole system. The second approach allows the use of conventional power 

converters, using simple grid-following strategies, in a renewable power plant, highly reducing 

the development effort and cost. However, the development of dynamic services for this 

central controller has not been properly addressed. In [114] a synchronous controller for a PV 

power plant was proposed, which separated the electromechanical loop and the 

electromagnetic loop of the SPC approach. The electromechanical loop was embedded in the 

central controller, whereas the electromagnetic loop was integrated into the power converter 

control, including the phase angle control and the electrical emulation. Even though this 

solution was able to regulate the phase angle of each power converter in a coordinated way, 

this implementation still needs a partial integration of a virtual synchronous machine in the 

local control of the converter. Thus requiring extended work to modify the control scheme of 

the power converter, which defeated the purpose of the proposal. Furthermore, the phase angle 

control is highly dependant on the power converter point of common coupling. Thus, for the 

same phase angle, each power converter does not necessarily exchange the same amount of 

power to the grid.  

The following section presents the implementation of a virtual synchronous power plant 

controller (VSPPC) for the system. In this work, by means of emulating the electromechanical 

and electromagnetic dynamic equations of the synchronous machine, the system can provide 

primary services, as well as new required services, such as inertia or damping. If compared to 

the existing controllers, this approach does not require any modifications on the power 

converter control, which is a huge advantage in terms of installation cost and development 

work. 
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6.1. Power plant central controller 

In general, the control of renewable power plants such as PV or wind focuses on maximizing 

the energy output of the system. The increased installation of those renewable power plants 

made it a necessity to actively regulate the power output, not only to precisely control the 

power set-points but also to adjust its operation to provide support in regulation and operation 

[115]. To achieve this goal, the control structure of a renewable power plant is composed of 

the inverter control (ICs) and the renewable power plant controller (RPPC). The ICs are the 

ones responsible of regulating the output current of the power converter under generic 

conditions. As previously presented in the power converter control section, there are many 

implementations for the ICs. However, the most extended one combines a current controller, 

a power controller, and a synchronization unit, Figure 148.  
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Figure 148: Control scheme of a grid-following power converter 

Although the power converter is capable of exchanging power to the grid, the ICs are only 

able to regulate the power considering local measurements at the output. Thus, the accuracy 

of the power delivered at the point of connection of the power plant cannot be guaranteed by 

only using the ICs separately, especially when considering the effect of the equivalent 

impedance between the inverter to the point of common coupling.  

The RPPC is used to ensure proper control of the power delivered by the entire power plant 

to the grid. It takes measurements from the point of connection to generate the necessary 

control outputs, which are processed and sent downwards to the ICs as references. Due to the 

fact that the RPPC is not able to be physically close to all the power converters, a 

communication link is vital to share and transfer the information from the RPPC to each of the 

ICs, Figure 149.  

Grid services such as reactive power control, voltage and frequency regulation, and power 

factor control are nowadays implemented in most power plants PPC [116], providing primary 
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services to support the grid during steady-state operation. However, as the penetration of 

renewable energies increases, these newly introduced power plants are required to provide fast 

dynamic responses in addition to the primary regulation services.  
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Figure 149: Simplified control system of a renewable power plant 

To comply with such requirements, the use of grid-forming power converters based on the 

implementation of VSM has been proposed. This structure provides a natural interaction with 

the electrical grid, as well as providing fast dynamic services. 

6.2. Phasor-domain structure 

To cope with these new grid codes requirements, from a practical point of view, the virtual 

synchronous power plant controller presents a phasor-domain scheme that allows the 

implementation of the synchronous control in a central controller. The main idea behind this 

approach is to replicate the dynamic behavior of a synchronous generator not only in the device 

but in the system. This approach centralizes the operation and enables the VSPCC to support 

the grid and provide dynamic services, such as inertia or power oscillation damping, as a 

unique system to the grid instead of independent virtual machines. 

The phasor-domain structure of the VSPPC is shown in Figure 150 and is composed of four 

main control loops: a power loop controller (PLC), a reactive power controller, a phase 

displacement calculator, and a power reference generator. The measurements of voltage and 

power for the inputs of the VSPPC are obtained at the PCC of the system, whereas the outputs 

of the VSPPC are references sent to the power converters. It is worth mentioning that providing 

power references at the output of the VSPPC allows the system to work with most of the 

commercial grid-following power converters on the market.  
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Figure 150: Control scheme of the proposed VSPPC 

To emulate the dynamics of a synchronous generator there are two main blocks to be 

considered. The first one is the mechanical loop, which is in most of the cases presented by 

the swing equation. In this implementation, the electromechanical loop is presented in the PLC 

controller using the following transfer function: 
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Where the cut-off frequency coefficient 𝜔𝑐 can be obtained by: 
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And the gain coefficient 𝐺𝑐: 
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In the equations, 𝑆𝑛 refers to the rated power of all the power sources, 𝜔𝑔 refers to the nominal 

grid frequency, 𝑋𝑣 is the virtual reactance value, and J and D are the inertia and the damping 

coefficients respectively, that can be adjusted to modify the dynamic behavior of the 

electromechanical loop.  

The output of this active power controller is ∆𝜔, which represents the additional rotational 

speed needed in the system to adjust the phase angle of the synchronous machine to exchange 

the desired power deliver. This rotational speed is added to the nominal grid frequency and is 

integrated to obtain the internal synchronous phase angle.  

v r n      
(73) 
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This virtual phase angle, 𝜃𝑣, represents the internal emf phase angle of the virtual machine, 

which is used to transform the grid voltage from the stationary to the synchronous reference 

frame. Thus giving rise to a voltage difference component between both phases in the dq-

reference frame. 
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(74) 

Where the phase displacement value, 𝛿𝑣, can be obtained by using the arctangent function on 

the trigonometric components of the synchronous reference frame voltage values, 𝑉𝑞  and 𝑉𝑑, 

mathematically expressed in (74). 

The reactive power is also controllable from the VSPPC adjusting the value of the magnitude 

in the electromotive force. The transfer function in charge of regulating the magnitude of the 

voltage can be expressed as: 
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Where the proportional parameter, 𝑘𝑝, and the integral parameter, 𝑘𝑖, regulate the amount of 

voltage variation, ∆𝐸. In this equation, ∆𝐸 is the output of the reactive controller and the 

change on the electromotive force magnitude, whereas 𝑄∗ and 𝑄𝑚 are the reference and the 

measurement of reactive power respectively. These values can be used for voltage regulation 

services according to regulatory requirements. The voltage magnitude of the virtual emf can 

be determined as (76), where 𝐸𝑛 is the nominal voltage of the grid, and ∆𝐸 is the voltage 

variation to regulate the reactive power exchange. 
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As presented before from equations (73) and (76), it is possible to obtain the parameters 𝜃𝑣 

and 𝐸𝑣, respectively [114]. However, this approach is not feasible, mainly because most 

commercial power converters usually receive only active and reactive power references, and 

not voltage magnitude and phase angle. The well-known power flow equations are used to 

adjust this magnitude and phase angle and transform them into a power reference.  
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By means of using the power flow equations between two power sources through an 

impedance, allowing the system to emulate any desired virtual impedance by adjusting the 



Chapter 6. Synchronous control oriented to the system 

 

157 

 

parameters 𝑅𝑣 and 𝑋𝑣, which reflect the resistance and the reactance of the interconnection to 

the grid. The advantage of emulating this virtual impedance at the plant level is that the 

response of the power converter is not linked to any physical line impedance, as the power 

reference is controlled with respect to the PCC, eliminating any possible inter-converter 

oscillation.  

The sharing of power to each power converter depends on the proportional gains 𝑘𝑝𝑖 and 𝑘𝑞𝑖, 

acting as weight factors to distribute the power exchange duties of each power converter. One 

way to easily set the gains for each converter is to use the ratio between the nominal power of 

the power plant and the converter nominal power, as shown in (79). 
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Where 𝑆𝑖 is the nominal power of each power converter and N is the number of power 

converters composing the power plant. As the composition of the power plant may be different 

in terms of nominal power capacity, this simple distribution of power allows setting an 

equivalent percentage weight factor based on the nominal power of the power converter. 

6.3. Performance analysis 

One of the main advantages of the VSPPC is the use of the virtual impedance at the plant 

level, allowing the unification of the dynamic response of the power plant in front of any 

disturbance. To further compare the advantages of the VSPPC, this section compares the 

conventional control scheme based on synchronous generators with the performance of the 

VSPPC. The electrical parameters of the power converter are presented in Table 20, while the 

control scheme of the power converter was shown previously in Figure 148. It is composed of 

a synchronous reference frame current controller, a PLL, and a current reference generator. 

The parameters for the PLL were set to have a 100 ms time response by using the following 

parametrization. 
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In the case of the current controller, the parameters were set to 𝑘𝑝𝐶𝐶 = 5 and 𝑘𝑖𝐶𝐶 = 1010, 

which leads to a controller settling time of 2ms. To transform the power reference from the 

VSPPC to the current reference the instantaneous power theory has been used, which can be 

specified as in equations (38) and (39). All the parametrization set to the different elements in 
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the power converter internal control provides a settling time response under a power step of 

around 40ms. These parameters can be observed in Table 20. 

 

Table 20: Parameters of the power converter 

Whereas, Table 21 presents the parameters for the VSPPC plant controller. 

 

Table 21: Parameters of the plant controller 

It is worth mentioning that these parameters are the ones used in the experimental results 

section. 

For comparison purposes, two power plant control schemes are presented. Figure 151 

describes the conventional control scheme where all the units are composed of an SPC-based 

grid-forming controller.  

Symbol Quantity Values 

P Converter nominal power 2 kW 

Lf Inverter-side inductance 5 mH 

Cf Capacitance 5 µF 

Rd Damping resistance 1  

Lp+Ls Grid-side inductor 2 mH 

ZL Additional inductor 0.0942  

Zg Grid impedance 1,57  

Pdc dc source nominal power 20 kW 

Vdc dc nominal voltage 750 V 

 

Symbol Quantity Values 

Sn Nominal power 8 kVA 

Vn Nominal voltage 400 V 

fn Power plant nominal frequency 314.15 rad/s 

H Power plant inertia factor 5 

ξ 
Power plant damping factor 0.7 

Rv Power plant virtual resistor 2  

Xv Power plant virtual reactance 6  

pQk
 

Reactive power proportional gain 1e-6 

iQk
 

Reactive power integral gain 1e-6 
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Figure 151: Setup for performance comparison using VSM implementations for the independent 

power converter control.  

Similarly, Figure 152 presents the configuration for the proposed VSPPC, where the power 

converter control is composed of a simple grid-following controller. Both systems will be 

tested under a sudden phase shift of the grid to compare the effect of the controllers in parallel 

and the synchronous central controller. 
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Figure 152: Setup for performance comparison using the proposed VSPPC 

The results for both control schemes described above can be seen in Figure 153. In Figure 

153(a) the results present a considerable dynamic difference between the active power of each 

power converter, ending in oscillations between the power converters. This internal oscillation 

leads to a reduction of the equivalent inertia constant and the damping factor of the whole 

plant, thus affecting the response of the power plant during the phase shift event at the grid 

side. In fact, the measurement of active power at the point of connection of the plant resembles 

a second-order function rather than an inertial response.  

The undesired dynamics of each power converter obtained from the conventional control 

scheme are due to the line impedance differences that exist from each power converter with 

respect to the PCC, generally due to the different line lengths and transformers. As the power 

converters are only able to measure the voltage at its own point of connection, the line 

impedance between the converter and the PCC of the power plant plays a crucial role in the 

final response of the converter. 
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In the other case, Figure 153(b) shows the implementation of the VSPPC as the central 

controller, which uses a centralized virtual impedance in the system. By using this controller, 

the line impedance of each power converter can be neglected, obtaining an equally distributed 

power among units and presenting an inertia-like response in the active power at the PCC. 

(b)

(a)

 

Figure 153: Control performance of (a) the conventional control scheme (b) the proposed VSPPC. 
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The aforementioned observation of the oscillation between power converters can be 

confirmed by analyzing the pole-zero map presented in Figure 154, whose parameters are 

shown in Table 20 for the electrical system, and in Table 21 for the controller parameters. 

Although the same parameters are used, the difference in line impedance causes the poles to 

move away from each other. 
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Figure 154: Pole-zero map for different values of SCR of the conventional controller 

In contrast to this pole-zero map, considering each power converter with an SPC controller, 

Figure 155 shows the proposed VSPPC pole-zero map. In this case, the VSPPC only 

implements one mechanical equation and the impedance is emulated at the central level and 

not in each power converter. This is seen in the pole-zero map as it has only one pair of 

complex poles for all the cases. Therefore, even though the line impedance may give rise to 

undesired dynamics, the VSPPC central controller can avoid them by emulating a single 

machine with a unique interconnection point to the grid. 

 

 



Chapter 6. Synchronous control oriented to the system 

 

163 

 

Im
 [

ra
d

/s
]

Re
 

Figure 155: Pole-zero map for different values of short circuit ratio of the proposed VSPPC 

6.4. Phasor-domain structure 

To validate the presented VSPPC approach, a set of experiments have been executed in the 

laboratory. The emulated renewable power plant is emulated by four power converter units 

(Danfoss: FC-302P2K2T5E20H1) controlled by a microcontroller TMS320C28335. The dc-

link of all the converters is generated by using a 20 kW dc-voltage source (MagnaPower: 

TSD1000-20). The converters are connected to the electrical grid through a 30 kVA 

transformer, Figure 156. For the central controller the VSPPC code is implemented in a control 

board based on a TMS320C28335 digital signal processor (DSP) which is able to communicate 

with each power converter microprocessor by using CAN communication at 125 kbps. The list 

of parameters for the power converter and the central controller are presented in Table 20 and 

Table 21, respectively.  
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Figure 156: Experimental setup 

The following experiments have been carried out using the previously described system: 

 A power step change to verify the proposed VSPPC dynamic response. 

 Connection and disconnection of different power converter units to validate the 

robustness of the VSPPC controller under undesired operations of power 

converters. 

 Connection of a synchronous generator to ensure the damping capacity of the 

VSPPC. 

 A load connection at the PCC to compare the dynamic response of the proposed 

VSPPC in front of different SPC in each power converter. 

6.4.1. Performance in front of power changes 

In Figure 157, the experimental results under a step-change in the active power are presented 

for the proposed VSPPC. It can be seen that the active power measurement at the PCC of the 

emulated power plant exhibits a stable operation, outperforming the one of a synchronous 

generator. This enhanced behavior is accomplished by the damping coefficient, which can be 

tuned to the desired performance specifications, and the virtual impedance, where the virtual 

resistor has been intentionally increased to provide additional electrical damping without 

increasing the power losses. Regardless of the difference in the line impedance, the four power 

converters distribute equally the active power. In addition to the overall dynamic, the zoomed-

in wave-forms also confirm the proper quality of the current injected by the power converter. 
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Figure 157: Response of the RPP with VSPPC under a step-change in reference power. 

6.4.2. Connection and disconnection of generation units with the VSPPC 

Figure 158 shows the experimental response of the VSPPC during the event of a 

disconnection of a power converter. The experiment starts with a constant power injection of 

active power equally shared among the power converters. At around t = 0.0431 s, one of the 

power converters is disconnected from the RPP. This disconnection gives rise to a transient 

mismatch between generation and consumption, reference and measurement, that should be 

corrected. As soon as the VSPPC detects this mismatch in power, it tries to regulate the power 

to return to the steady-state reference tracking. The dynamic response shown by the VSPPC is 

due to the inertia and damping coefficient set in the central controller.  
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Figure 158: Experimental response of the VSPPC to a disconnection of one power converter. 

In Figure 159 a similar response is shown when a power converter is connected to the VSPPC 

system. In this case, the experiment also starts with a constant injection of power. At around 

t= 2.45s, a power converter unit is connected to the RPP. The power mismatch during the 

connection is controlled by the VSPPC controller, which adapts the power reference of the 

system to equally distribute the power among all the units connected to the system in that 

instant. 
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Figure 159: Experimental response of the VSPPC during the connection of one power converter to the 

system 

6.4.3. Power oscillation damping with the VSPPC 

To observe the damping capability of the proposed VSPPC, a 20kVA synchronous generator 

is connected to the PCC of the emulated power plant as depicted in Figure 160. This generator 

is naturally underdamped which leads to a two-case scenario. 
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Figure 160: System configuration for the power oscillation damping. 

In the first case, due to the low damping of the VSPPC and the synchronous generator, the 

active power measured at the PCC during the transient is highly oscillatory, giving rise to an 

undesired performance of the overall system, Figure 161. 

Converters Current 

Grid Voltage

Active Power at the PCC

 

Figure 161: Damping performance of the VSPPC with 𝐺𝑐 = 4.796𝑒−4 and 𝜔𝑐 = 8.186. 

In the second case, as the damping of the VSPPC is increased, the power oscillation at the 

PCC is attenuated, as can be observed from Figure 162. This result shows that the VSPPC can 
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provide additional damping to power oscillations, but also that its damping factor can be 

adjusted though 𝐺𝑐 and 𝜔𝑐. 
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Figure 162: Damping performance of the VSPPC with 𝐺𝑐 = 2.71𝑒−4 and 𝜔𝑐 = 14.326. 

6.4.4. Performance in front of power changes 

In Figure 163, the comparison between the conventional controller using SPC-based power 

converters and the proposed VSPPC under a load step is presented. It is shown that, in both 

cases, the power converters inject a specific amount of active power to support the grid during 

the event. Such response implies that both control schemes provide inertia to the grid, scaled 

to the power plant. However, in Figure 163(a) the response of the conventional controller with 

power converters with embedded SPC implementations is not preferable considering unequal 

power-sharing during the event, giving rise to a distortion in the overall inertia and damping 

of the power plant.  

On the other hand, in the case of the VSPPC, Figure 163(b) displays an identical response of 

all power converters. It is reasonable to conclude that the VSPPC offers better dynamic 

performance compared to a distributed synchronous control, and it does not require any 

modifications to the power converter control, making the VSPPC an effective solution for 

power plant controllers. 
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Figure 163: Experimental results of the emulated power plant under a load step with (a) the 

conventional controller using SPC in each converter (b) the proposed VSPPC. 

6.5. Conclusions 

The synchronous control oriented to the system has been presented and the VSPPC has been 

proposed as a solution to be used in a system composed of multiple units, such as a renewable 

power plant, providing dynamic support services as inertia and power oscillation damping. 

The structure of the VSPPC is based on the well-known SPC, which emulates some of the pilar 

characteristics of the synchronous generator. However, in addition to the motion equations and 

the central virtual impedance, the phase displacement calculator has a key effect on power 

regulation. 
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The main advantages of the usage of the VSPPC are twofold. The most important one is that 

the VSPPC is compatible with most of the control strategies used nowadays in the majority of 

power converters, reducing the cost of using smarter converters in the system. The second one 

is that the power injected into the grid is not specifically linked to the local voltage 

measurement as in the device approach, therefore reducing the current distortion due to errors 

in the voltage measurement. 

This work has proven that the aggregation of grid-forming converters does not provide 

optimal performance in the power plant. One of the most relevant contributions of this work 

is the capability of controlling the mechanical behavior of the power plant, coordinating all the 

units to work as a unique synchronous machine. Thus, the power oscillation damping 

functionalities are boosted, and better dynamic performance is achieved by the whole 

synchronous system. The simulation results and the experimental results demonstrated that the 

VSPPC can provide fast frequency services as well as an increased control performance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6. Synchronous control oriented to the system 

 

172 

 

 



Chapter 7. Conclusions 

 

173 

 

 

Chapter  

7.  

Conclusions 
The work presented in this Ph.D. thesis addresses the control of renewable energy resources 

interfaced by power converters. Throughout all the document, modification and enhancements 

to power converter controllers have been demonstrated, following the natural transition of 

grid-following power converter into generation units with the capability to form a grid. After 

summarizing all the research material throughout the thesis, the conclusions of this work are 

exposed henceforth. 

 One of the first objectives of the thesis was the modification of the traditional current 

controller implementation in the stationary reference frame. To achieve the first 

contribution, the traditional SOGI controller is adapted into a modified resonant 

structure. The reduction of integrators enables an easier separation of control capability 

for the fundamental and harmonic sequences. This work also provides a solution for 

power converter control in the αβ-reference frame to provide a behavior similar to the 

one in dq-reference frame, in terms of power coupling during active and reactive power 

steps. The addition of the modified resonant structure and the decoupling matrix in the 

αβ-reference frame, as well as its experimental validation, is presented in Chapter 3. 

 

 The integration of a grid-forming control strategy based on the SPC has been shown in 

the document, on Chapter 4 and Chapter 5. The work exposes the beneficial effects not 

only in the dynamic support capabilities from grid-following power converters, such as 

frequency and voltage regulation, but also from the inherent regulation of the 

electromechanical loop. The integration of inertia and damping, through the swing 

equation and the virtual admittance, enable a high versatility in the power converter 

operation. This regulation goes from adding synthetic inertia and power oscillation 

damping to the system, dynamic support during balanced or unbalanced voltage sags, 

as well as a parallel virtual admittance strategy for voltage harmonic compensation.  

 

 During the research of grid-forming power converter strategies, to enable a more 

natural interconnection of renewable energy systems to the grid, it became clear that 

the transition of grid-following to a grid-forming control required a high 
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implementation process. This transition is based on the modification of the voltage loop 

into a system that includes an electromechanical and electromagnetic emulation. 

However, the proposal in Chapter 5 presents a simple approach based on a virtual 

admittance implementation, enabling the system to operate as a grid-forming strategy 

by using the traditional converter control structure. Although the local measurements 

are vital to properly operate the system during the steady-state, a sensor-less 

synchronous system is feasible by using the reference voltage at the output of the 

current controller. This implementation reduces the voltage measurements required in 

the system, thus providing a self-synchronized controller. High interest may spark in 

household PV or battery storage systems with this implementation, as it ensures an 

enhanced natural interaction during contingencies. 

 

 Although distributed generation units are having an immense impact, considering the 

increase of PV installed in residential areas and storage systems, big renewable energy 

power plants have also been on the rise during the last decade. With the improvements 

in communication technology, cloud-based systems and high-speed data sharing 

through the internet as leading factors, the communication delays are being heavily 

decreased even for field-bus technologies. This improvement allows the virtual 

synchronous power plant control to become a feasible reality. The approach presented 

in the thesis focuses on an area of generation units connected to the same PCC, enabling 

a harmonized behavior between units, with the aim of performing a coordinated action 

during grid contingencies. Chapter 6 provides a solution to the virtual synchronous 

power plant controller based on a phase domain approach, where power reference 

control signals provide an easily expandable system that enables hundreds or thousands 

of units to operate as a virtual synchronous machine without modifying the traditional 

control of the grid-following converter. 

Overall, the synchronous control, oriented to the device and to the system, has been studied 

and analyzed throughout the document, where both simulation and experimental validation 

has been presented for all the study cases. 

Although the insights on the virtual synchronous machine control gained during the research, 

there were some ideas that were not explored. The more notorious of them were found to be 

an interesting thought, and thus are described in the future work section. 

7.1. Future works 

One of the most important aspects that should be pursued in future endeavors is how the 

integration of renewable energy systems will affect the stability of the electrical grid when 

most of the systems are transitioned to grid-forming strategies. This consideration has an 

especial effect when both the stochastic behavior of renewable energy systems and the wide 
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grid-forming strategies collide, although there might be some drawbacks if there is not a 

standard to follow. The sensorless grid-forming power strategy, which uses the reference 

voltage of the current controller as the synchronization voltage, may be of interest if integrated 

just as a compensator for grid contingencies or huge imbalances on the power delivered. 

However, there is still room for further analysis on the parallelization of this system, as well 

as modifications including other electromagnetic emulations. 

Another interesting topic focuses on the communication delay in the system-oriented 

synchronous control. Although there is much improvement in communication technologies, 

the loss of communication to the central synchronous unit has to be handled without harming 

the operation of the entire power plant. This presents a huge challenge in the harmonious 

operation of the system, especially considering the sudden disconnection of generation units 

or the partial loss of energy generation due to the unpredictable generation profile. 

Another important aspect is the upcoming changes in the grid codes all around the world, 

which will restrict the operation of renewable energy generation and require more flexibility 

services. In this regard, the black-start energization of big islands, such as the United Kingdom 

or Australia, has been a hot topic for the last few years. Although the conventional power 

plants are in charge of energizing the electrical grid during the black-start process, the rising 

integration of grid-forming power converters makes it a feasible reality to start the energization 

process on the distribution system, which is certainly something worth investigating in the 

future
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