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Abstract

Currently, synchronous machines (SMs) employed in thermoelectric and hydroelectric
power plants ensure the stability of the grid frequency and voltage by providing an-
cillary services, such as inertial response, active and reactive power regulation, and
fault support. However, with the ongoing decommissioning of thermoelectric power
plants, particularly coal-based ones, the number of synchronous generators on the grid is
decreasing. Additionally, renewable energy plants, such as those using solar and wind
power, inherently lack inertial support because they connect to the grid through static
power electronic converters. This reduction in total power system inertia poses a risk
to grid frequency and voltage stability. Consequently, newest grid codes mandate that
even power electronics-interfaced renewable energy sources provide grid services. For this
purpose, control algorithms based on the Virtual Synchronous Machine (VSM) concept
enable grid-connected converters to mimic conventional SMs and guarantee essential grid
services. The goal of this PhD thesis is to develop control strategies that integrate the
Virtual Synchronous Machine (VSM) control concept to provide grid services (such as
virtual inertia) and grid support in compliance with the most recent grid codes. The

thesis is divided into two main parts.

The first part provides a theoretical and experimental assessment for the main VSM
topologies available in the literature. It begins by discussing the key aspects of grid-
connected converters and defines the differences between grid-following, grid-forming
and VSM, which are often sources of confusion in the literature. It then presents a
literature review of the main VSM topologies. Each topology is implemented following
a common tuning strategy. Their inertial behavior, frequency regulation and support
capability during faults are compared using a common setup to highlight the differences
and similarities between the various topologies. The beneficial effect of inertial response
is then demonstrated using a dynamic network. The focus then shifts to the behavior
of VSMs under non-ideal grid conditions. The thesis proposes a method to predict
the response of the main VSM topologies to grid harmonics and imbalances. Some

topologies can improve grid voltage quality by acting as harmonic/unbalance sinks, while



vi

others may deteriorate it. The thesis also demonstrates how the harmonic/unbalance
sink capability of grid-forming VSMs is limited by the effect of dead time, making the

dead-time compensation essential to guarantee the correct sink performance.

The second part of the thesis focuses on the S-VSC, the VSM developed at the
Politecnico di Torino. The peculiarity of this solution is its operation as a virtual
compensator rather than as a virtual generator, like most VSMs from the literature. Its
principle of operation as a grid-feeding VSM was demonstrated in previous works. This
thesis extends the S-VSC algorithm to grid-forming operation, demonstrating its validity
for the control of converters connected to microgrids that operate both in grid-connected
and in island mode. The following chapter adopts the p-analysis as a tool to evaluate the
robust stability of the S-VSC against system uncertainties. The thesis also demonstrates
that a converter functioning as a compensator is more robust than one functioning as a
generator, both as a single grid-connected converter and in parallel with another. The
final chapter shows that implementing the S-VSC algorithm into a battery charger control

can enable battery chargers to provide ancillary services to the grid.
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Chapter 1

Motivation and Goal of the Work

1.1 Renewable Energy Sources

Renewable energy sources offer a sustainable alternative to fossil fuels, mitigating climate

change while fostering energy independence and economic growth.

In the last decade, the amount of energy produced from wind and solar sources has

grown exponentially and it is supposed to spread more and more, as shown from the

analysis and forecast of Figs. 1.1, 1.2, 1.3, 1.4 [1-3].

Renewable electricity generation, World 1995-2017
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Fig. 1.1 Renewable electricity generation by Wind and Solar PV, World 1995-2017. Source:
IEA [1].
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Fig. 1.3 Generation mix now and forecast for 2030 in Great Britain. Source: National Grid
ESO [2].
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Fig. 1.4 Generation mix now and forecast in Australia. Source: Australian Energy Market
Operator (AEMO) [3].

Solar Energy

Solar power harnesses the abundant energy emitted by the sun through photovoltaic (PV)
panels or concentrated solar power (CSP) systems. PV panels convert sunlight directly
into electricity, while CSP systems use mirrors or lenses to concentrate solar energy for
electricity generation or heat production. Advancements in solar technology have strongly
reduced costs, making solar power increasingly competitive with conventional energy
sources. Rooftop solar installations empower homeowners and businesses to generate
their own electricity, reducing reliance on centralized power grids and lowering utility

bills [4].

Wind Energy

Wind energy exploits the kinetic energy of the wind to generate electricity using wind
turbines. Onshore and offshore wind farms capture the power of the wind, converting it
into electricity. Wind power has experienced rapid growth globally, driven by technological
advancements, favorable policies, and declining costs. Wind turbines can be deployed
across diverse landscapes, from open plains to coastal waters, providing a scalable solution

for the renewable energy transition [5].
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1.2 Integration of Renewable Energy Sources

Solar and wind renewable energy sources are interfaced to the grid through static power
electronics converters. For instance, photovoltaic (PV) plants generate electrical energy in
the form of direct current (dc). Typically, two conversion stages are utilized to connect PV
plant to the grid: a first dc/dc stage and a second dc/ac converter, commonly referred to as
inverter. One of the most commonly used control algorithms for photovoltaic applications
is the Maximum Power Point Tracking (MPPT) algorithm [6]. By continuously adjusting
the operating point of the PV system to track the point of maximum power output, the
MPPT algorithm ensures optimal energy harvesting from the solar source, achieving

efficiency levels of around 98%.
A simplified scheme of the system under study is illustrated in Fig. 1.5.

The successful penetration of solar and wind energy into the grid relies on the proper

design and control of power electronic converters.

DC DC

DC AC

Control
Algorithm

Fig. 1.5 Conventional scheme of connection between PV plant and grid.

1.3 Stability of the Electric Grid: Present and Fu-
ture Challenges

1.3.1 Working principle of the Electric Grid

The electric grid ensures the balance between electricity demand and supply by main-
taining the grid frequency as close as possible to its nominal value [7]. This is achieved
through the alternators of hydroelectric and thermoelectric power plants (fossil fuel-
based), which historically undergo a three-phase frequency regulation process during

load transients, as depicted in Fig. 1.6.
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Fig. 1.6 Frequency profile and frequency control steps after a generation reduction. Source: [8].

During a power imbalance, kinetic energy stored in alternators plays a crucial role:
when power demand increases, the rotors slow down and inject inertial active power into
the grid. This inertial response enables synchronous generators (SGs) to raise the Nadir
(minimum frequency value) and reduce the Rate of Change of Frequency (ROCOF),
thereby minimizing the likelihood of triggering frequency protection relays. Following
these initial seconds (1-4 s), primary frequency regulation adjusts the power output from
sources such as water flow to match the new load conditions, a process typically taking a
few minutes. Finally, secondary frequency control restores the frequency setpoint for a

grid section (e.g., a country), managed centrally over a timescale of tens of minutes [7].

The inertial response and frequency control are essential components of the ancillary
services that rotating power plants must deliver to maintain grid stability [9-12].
1.3.2 Opportunities of Renewable Energy Sources
Distributed Energy Production

Distributed energy production decentralizes electricity generation, empowering commu-
nities, businesses, and individuals to produce their own energy locally. The benefits of

Distributed Energy can be summarized as follows [13, 14]:

o Resilience: Distributed energy systems enhance grid resilience by reducing reliance

on centralized infrastructure vulnerable to outages and disruptions;
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« Energy Independence: By generating their own electricity, consumers can reduce

dependence on external energy sources and volatile fuel prices;

o Environmental Sustainability: Distributed energy production promotes renew-

able sources, reducing greenhouse gas emissions and environmental degradation.
Some of the promising solutions technologies and solutions are [13, 14]:

« Solar Rooftop: Rooftop solar installations enable homeowners and businesses to
generate their own electricity, often through net metering arrangements that allow

surplus energy to be fed back into the grid;

o Microgrids: Microgrids are localized grids that can operate independently (is-
landed) or connected to the main grid, incorporating renewable energy sources,

energy storage, and smart grid technologies;

o Distributed Storage: Battery storage systems allow consumers to store excess
energy for later use, improving grid stability, and enabling greater integration of

intermittent renewables.

1.3.3 Limitations of Renewable Energy Sources

While distributed energy production offers numerous benefits, it also presents challenges
that must be addressed to realize its full potential. Indeed, renewable power generators
(RPGs) lack inherent inertial features due to their static power converters, which have
no rotating mechanical parts [10, 15, 16]. Until recently, RPGs only injected power
based on conventional control algorithms like MPPT, with ancillary services provided by
SGs. However, the planned decommissioning of thermoelectric power plants (especially
coal-based ones) will reduce the number of SGs connected to the grid, leading to decreased
total system inertia. This decrease results in higher ROCOF and lower Nadir during
power imbalances, and reduced grid frequency stability. Consequently, the increasing
penetration of converter-interfaced RPGs could jeopardize grid stability unless they
also provide ancillary services, particularly inertial behavior [10-12, 15]. Therefore,
integrating distributed energy resources (DERs) into the existing grid requires upgrades
to infrastructure, regulatory frameworks and grid management systems. Smart grid
technologies, demand response programs, advanced monitoring and control systems are

essential for optimizing grid operations and managing variable renewable generation.
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1.3.4 Example of case study

An important incident is the 2016 blackout in South Australia (SA) [17]. Tornadoes
damaged three transmission lines, resulting in a series of six voltage dips occurring in
a time span of about two minutes. Consequently, the active power production of wind
power plants decreased because their control systems were unable to manage the voltage
dips. This led to a surge in imported power into SA, causing an overload that triggered
a trip in the interconnection with a neighboring region. The load shedding protections in

SA did not activate promptly due to the rapid frequency decline, as depicted in Fig. 1.7.

Heywood Interconnector opens at ——_
16:18:15.8

y (Hz)

Frequen

S rtstowm (SA —— Heywood at SESS [VIC

Fig. 1.7 Frequency profile after SA grid separation. Source: [17].

The SA power system became isolated from the rest of the network, and the resulting
power imbalance caused the blackout. Two main conclusions can be drawn from this

event:

o Increased inertia is necessary to reduce the ROCOF, facilitating the activation of

protection relays;

« Enhanced control systems are required to enable renewable energy sources (RES) to
withstand multiple fault events, allowing them to contribute to frequency regulation

even after grid faults.

As a more general concept, the decommissioning of thermoeletric power plants together

with the penetration of converter-interfaced renewable energy sources will reduce the total
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power system inertia, compromising both the grid frequency and the voltage stability.
A report of ENTSO-E proposes a forecast of the Total System Inertia (TSI) reduction
in Europe, as illustrated in Fig. 1.8 [10]. As it can be observed, several national per
unit TSI constant inertia H are expected to fall below the value of 2 s (compared with a
traditional value of about 56 s). At least two Synchronous Areas (SAs), Great Britain,
Ireland, and a number of individual countries’ contribution within Continental Europe
are expected to fall within this category (see countries in red), highlighting their need to

prepare their strategy and possibly also start taking action.

Inertia contribution colouring code:

e Green H245s Very good contribution
3s<H<4s contribution

e Orange 2s<H<3s Marginal contribution

* Red H<2s Limited contribution

Fig. 1.8 Indicating contribution of each TSO to the TSI constant (source: TYNDP 2016
reflecting 2030 scenario) [10].

The frequency instability due to the total system inertia reduction is just one of the
future issues related to the transition from fossil fuels to renewable energy sources. The

safe operation of the power system is indeed guaranteed by several ancillary services [10]:

« Frequency regulation (in terms of inertia and active power control);

 Voltage regulation (in terms of reactive power control);

« Grid support during faults (injection of reactive short circuit current);

» Harmonics and Imbalance compensation (harmonic/unbalance sink capability);

 Island Capability.

RPGs cannot provide these features because their power converters are static and lack
rotating mechanical parts. Additionally, conventional control techniques are inadequate
for addressing this issue. Consequently, RPGs can only inject power according to the

MPPT algorithm, leaving ancillary services to be supplied by traditional synchronous
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generators. This limitation restricts the use of renewable sources, as their increased

presence would reduce grid stability.

In conclusion, more advanced control strategies are required to make power electronics-
interfaces renewable power plants able to support the electric grid and enhance the grid
voltage and frequency stability, thus facilitating the penetration of renewable energy

sources into the power system.

1.4 The Concept of Virtual Synchronous Machine

According to recent grid codes and pilot projects initiated by various Transmission System
Operators (TSOs), renewable power generators (RPGs) will soon be required to provide
ancillary services such as inertial behavior, reactive support, and harmonic compensation
[18, 10, 19, 20].

It has been demonstrated that power electronic converters can fulfill these roles
effectively. For instance, droop control-based inverters are used for inertial support
and frequency control [21], STATCOMSs provide reactive support, and active filters
are employed for harmonic compensation [22]. A promising approach to achieve these
functionalities comprehensively is to configure static converters to emulate synchronous
generators. This approach ensures they can provide inertial support, active and reactive
power regulation, and harmonic compensation. By emulating an alternator, a converter
can inherit the beneficial aspects of synchronous generators while potentially overcoming
some of their limitations. Unlike physical inertia, which is fixed in generators, the inertia
constant in a converter emulating an alternator is virtual and adjustable according to

application requirements.

Numerous solutions have been proposed over the past 15 years under the Virtual
Synchronous Machine (VSM) concept [23, 24], each offering unique capabilities and

applications.

1.5 Goal of the Thesis

The goal of this PhD thesis is to develop control strategies that integrate the Virtual
Synchronous Machine (VSM) concept to make grid-connected converters able to provide

grid services (such as virtual inertia) and grid support.
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1.6 Thesis Outline & Main Contributions

The thesis is divided into two main parts.

The first part (Chapters 2, 3 and 4) focuses on general aspects of Virtual Synchronous
Machines. It starts with a general introduction on grid-connected converters to define
a clear nomenclature in Chapter 2, underlying the differences between grid-following,
grid-forming and VSM converters as discussed in [C1]|. Next, the thesis provides a review
of the most common VSM topologies available in the literature in Chapter 3 based on
the work presented in [J4]. The main aspects and differences are highlighted with a focus
on the inertial contribution of ten different VSM models and the grid support capability
of four VSMs [J4], [C1]. Finally, Chapter 4 focuses on the behavior of VSMs under
non-ideal grid voltage conditions (i.e., voltage unbalances and distortions), proposing
a method to validate their harmonic and unbalance sink capability, published in [J3].
Moreover, Chapter 4 demonstrates how the inverter dead-time effect limits the harmonic

and unbalance sink capability of grid-forming VSMs as in [C3] and [J2].

The second part (Chapters 5, 6 and 7) focuses on the Simplified Virtual Synchronous
Compensator (S-VSC), the VSM developed at the Politecnico di Torino, with a threefold
goal:

 Extend the original S-VSC control algorithm proposed in [25] to the grid-forming
operation (Chapters 5) as in [C4] and [J1];

o Demonstrates the higher robustness of the virtual compensator behavior over the

virtual generator mode operation (Chapters 6) [C2];

o Integrate the virtual compensator concept as an add-on feature into an ultra fast
battery charger prototype to make electric vehicles chargers able to provide ancillary

services as well (Chapters 7) [J8].

The thesis ends with Chapters 8, outlining the main conclusions and the future works.

The main contributions of the PhD thesis can be summarized, per chapter, as follows:

Chapter 3: Virtual Synchronous Machines

o Comprehensive comparison of ten different VSMs topologies implemented on a

common experimental setup:

— Common tuning procedure to guarantee a fair comparison [J4];
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— Highlight the main implementation issues [J4];

— Review of typologies with experimental results of the inertial contribution and
the grid fault support [J4], [C1];

— Highlight the negligible differences between grid-following and grid-forming
VSMs in supporting the grid [C1].

Chapter 4: VSMs behavior under non-ideal conditions

o General method to foresee the behavior of the main VSM typologies under non-ideal

grid voltage conditions [J3]:
— The method quantifies the harmonic/unbalance sink capability of the VSM
under study with no need of implementing the VSM control;
— The method is easily applicable to any other VSM solution.
« Demonstration of the limited harmonic/unbalance sink capability of grid-forming
VSMs due to the inverter dead-time [J2]:
— The inverter dead-time worsens the harmonic/unbalance sink capability;

— The inverter dead-time must be compensated to match the expected theoretical

behavior.

Chapter 5: Grid-Forming S-VSC

o The original S-VSC control algorithm is extended to the grid-forming operation
[J1]):

— S-VSC can operate both as grid-following and grid-forming, either connected
to the grid or in island operation. Therefore, the S-VSC is a suitable solution

for the control of inverter-based microgrids;

— The transition from the grid-following to the grid-forming operation is smooth
and it does not need communication with the breaker interfacing the microgrid
with the rest of the grid;

— The S-VSC can withstand to grid faults both in grid-connected and in island

operation.
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Chapter 6: Robust Stability Analysis of the S-VSC

« Study of the robust stability analysis of a VSM through the p-analysis:

— Demonstration of the higher robustness of the virtual synchronous compensator
(VSC) approach over the virtual synchronous generator (VSG) one for different

grid conditions, sizes of the systems and tuning parameters [C2];

— For the first time in the literature, the theoretical outcomes of the p-analysis

of grid-connected converters are experimentally validated [C2];

— Considering a system of a grid-forming converter operating in parallel to
a grid-following converter and the grid, the thesis demonstrates that if the
grid-following converter operates as a VSC, the system is more robust against

grid impedance uncertainties with respect to the VSG mode operation.

Chapter 7: VSMs integrated in battery chargers

o Ultra-fast battery chargers can provide ancillary services as well. The S-VSC
control is included in the conventional charger control as an add-on feature to
support the grid during grid contingencies, while preserving the normal operation
of the charger [J8].
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Chapter 2

Grid-tied Converters

Grid-tied converters can play a fundamental role in enhancing the reliability of the grid
by facilitating the integration of renewable energy sources and electric vehicle battery
chargers. Grid converters serve as key components in modern grid infrastructure, offering
enhanced control capabilities and seamless integration of renewable energy sources. The
higher is the penetration of converter-interfaced renewable energy sources, the higher is
the number of needed requirements, as highlighted in the white paper published by the
Australian Electricity Market Operator (Fig.2.1 [15]).

The chapter will start with the main requirements prescribed by the Italian and Great
Britain Transmission System Operators (TSOs) and the Universal Interoperability for
grid-Forming Inverters (UNIFI) Consortium co-led by the National Renewable Energy
Laboratory (NREL). Next, the chapter describes the general aspects of grid-tied converters
to define a clear nomenclature, by focusing on the definitions of grid-following (GFL)

and grid-forming (GFM) converters.
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Fig. 2.1 Increasing requirements of grid-tied converters according to the penetration level.
Source: Australian Electricity Market Operator [15].

2.1 Requirements from Grid Codes

The electric system is undergoing a revolutionary transformation, driven primarily by
the increasing penetration of RPGs and the expansion of distributed generation. Each
year, authorities and organizations worldwide are updating guidelines to facilitate the
integration of RES. A milestone was reached in 2016, when the European Commission
established a network code on requirements for grid connection of generators [26], for
both conventional and renewable energy sources.

In this context, frequency and voltage regulations hold a central position. Moreover,
grid codes prescribe specific requirements also for the harmonic content and the phase
unbalance of the voltage at the point of connection to the grid. For each requirement,
the main guidelines defined by Italian and Great Britain TSOs will be described. The
following guidelines are directly extracted from the TSOs grid codes.

2.1.1 Terna: Italian TSO

The main aspects of the Terna’s grid code [27] regarding RESs can be found in the
annexes A18 (for wind power plants) [28], A68 (photovoltaic power plants) [29] and A79
(electrochemical storage systems) [30]. Since Terna is a TSO, the guidelines refer to
plants either directly connected to the transmission power system, or indirectly connected

by means of a portion of grid with a nominal voltage equal or higher than 110 kV. The
main topics of the annexes are:
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o The general features of the power plant and the required operating range for the

connection to the High Voltage (HV) power system;

o The characteristics of the managing and regulation systems which plants have to

provide in normal and emergency conditions.

According to the grid code, inverters have to be designed, built and employed in order
to stay connected to the grid even during emergency conditions and grid restore, within

specific operating limits. They are defined in terms of voltage, frequency and ROCOF":

85 %V, <V <115 %V, (2.1)
47.5Hz < f < 51.5Hz (2.2)
% < 2.5Hz/s (2.3)

where:

V,, is the nominal voltage (Vims);

V is the voltage at the connection point (Vyms);

f is the grid frequency (Hz);
df

T is the derivative of frequency, measured at least on 5 cycles (100 ms).

Active Power Regulation

The active power regulation is necessary to control the frequency. The active power
regulation curve for wind and PV plants is proposed in Fig. 2.2. According to the grid
code, the wind and PV plants must be suitable to provide a frequency regulation as

performed by conventional synchronous generators. Three kinds of modes are defined:

« Frequency Sensitive Mode (FSM);
 Limited Frequency Sensitive Mode Under-Frequency (LESM-U);

o Limited Frequency Sensitive Mode Over-Frequency (LFSM-O).

The frequency regulation law is the following:
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f=fa=-s-(P-Py)
Af =—-s-AP (2.4)

where:

- f is the output frequency (Hz);

- fu is the nominal frequency (Hz);
- s is the active droop coefficient (Hz/W);
- P is the output active power (W);

’

- Py, is the nominal active power (W).

According to the frequency range, s assumes a different value.

A Statismo in sotto
/ frequenza sy
Pe

Statismo Srsm

Statismo in sovra
frequenza so

Fig. 2.2 Active Power Regulation Curve for Wind and PV plants. Source: [28, 29]

FSM is the frequency regulation performed around the nominal frequency value. It
is implemented in the interval [ fp1, fp2] shown in Fig. 2.2. It is actuated according to
an active droop coefficient indicated with spgps. In this case, the maximum insensibility

value must be 10 mHz. Moreover, a dead-band in the interval [0,500] mHz is requested.

LFSM-U is the law to follow when the frequency is lower than the nominal value, in

the interval [fa, fg1]. In this case the active droop coefficient is sy .
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FSM-O is the modality actuated when the frequency is in the interval [ fgo, fc]. Here
the active droop coeflicient is sp and it is chosen in order to zero the injected active

power when the upper limit of frequency (51.5 Hz) is reached.

Voltage Regulation

The capability to be insensible to voltage variations is requested, within specific limits.
The common expression of this feature is Fault Ride Through (FRT). In Fig. 2.3, two
curves are proposed with the time limits: Under Fault Ride Through (UFRT) curve and
Over Fault Ride Through (OFRT) curve. The allowed and forbidden working areas are
highlighted in the figure.

ViV [p.u.]

130 [

120074 K
115

0.85 7>

1]

Fig. 2.3 FRT Curves for Wind and PV plants. Source: [28, 29]

Harmonic Distortion

The harmonic current emissions of the Storage Plant must be such that the maximum
level of total harmonic distortion of the current (THDI), calculated up to the 50th
harmonic, and the individual harmonic currents, based on the nominal current of the
Storage Plant at the Point of Connection (PdC), do not exceed the values indicated
in the Tables below, according to the voltage level and in compliance with IEEE 519
[18, 31].

Harmonic emissions from the Storage Plant must be limited such that the maximum
level of total harmonic distortion (THDV) of the voltage (calculated up to the 50th
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harmonic) at the connection point of the Storage Plant shall not exceed the following

values:

o« THDV < 2.5% for networks at nominal voltage below 220 kV;

o« THDV < 1.5% for networks with nominal voltage greater than or equal to 220 kV.
When evaluating the plant emission limits, the following alternatives can be checked:

o The plant’s emissions do not exceed the planning values; in this case, the plant can

be connected without further arrangements;

o The plant’s emissions are higher than the planning limits; in this case, the connection
is conditioned on further compensation, such that the emissions are within 70% of

the planning values.

Synthetic Inertia

The Italian TSO has still not defined the concept of Virtual Synchronous Machine.
However, they started to introduce the concept of "synthetic inertia" in the Annex 79.
The Grid Code prescribes, indeed, that the control system of storage plants with a
nominal power equal to or greater than 10 MW must be equipped with a function
called "synthetic inertia". This function emulates the inertia of synchronous rotating
groups, modifying the active power exchange of the Storage Plant with the grid based on
the frequency measurement and/or the frequency derivative (also in combination with
logical operators). The schemes and implementation methods of this function, as well
as the characteristics of the frequency measurement chain and its derivative, must be
preliminary discussed and agreed upon with the Operator and documented in the plant’s

Operating Regulations [30].

2.1.2 National Grid ESO: Great Britain TSO

National Grid ESO is the electricity system operator for Great Britain. The latest version
of the grid code prescribes the technical and design criteria and performance requirements
for Power Generating Modules (which includes Electricity Storage Modules), Offshore
Transmission System (OTSDUW) Data and High Voltage DC (HVDC) equipments
(32, 2, 33].
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Power Generating Modules

The Power Generating Modules are gathered into different types according to the voltage

level and the maximum capacity as follows [32]:

o Type A: Voltage < 110 kV and Maximum Capacity between 0.8 kW and 1 MW;
« Type B: Voltage < 110 kV and Maximum Capacity between 1 MW and 10 MW,
o Type C: Voltage < 110 kV and Maximum Capacity between 10 MW and 50 MW;

Type D: Voltage > 110 kV and Maximum Capacity > 50 MW.

Grid frequency variations

The frequency of the National Electricity Transmission System is nominally 50Hz and
must be controlled within the range of 49.5 - 50.5 Hz under normal conditions, except
during exceptional circumstances such as System Restoration. In such cases, the system
frequency may rise to 52 Hz or fall to 47 Hz. The design of User’s Plant and Apparatus,
as well as OTSDUW Plant and Apparatus, must enable their operation within this

frequency range as specified in Table 2.1.

Table 2.1 National Grid ESO frequency range requirements [32].

Frequency

Requirement
Range (Hz)

51 5.5 Operation for a period of at least 15 minutes is required
each time the Frequency is above 51.5 Hz

ELELS Operation for a period of at least 90 minutes is required
each time the Frequency is above 51 Hz

49-51 Continuous operation is required

47549 Operation for a period of at least 90 minutes is required

each time the Frequency is below 49 Hz

AT AT Operation for a period of at least 20 seconds is required

each time the Frequency is below 47.5 Hz

For the avoidance of doubt, disconnection, by frequency or speed based relays is

notpermitted within the frequency range 47.5 Hz to 51.5 Hz.
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Grid Voltage Variations

The normal operating voltage ranges of the National Electricity Transmission System

are summarized in Figure 2.4.

National Electricity Normal Operating Range Time  period
Transmission System for Operation
Nominal Voltage Voltage Pu (1pu relates to

(percentage of the Nominal

Nominal Voltage) | Voltage)
Greater than 300kV V -10% to +5% 0.90pu- 1.05pu Unlimited

V +5% to +10% 1.05pu- 1.10pu 15 minutes
110kV up to 300kV V £10% 0.90- 1.10pu Unlimited
Below 110kV 16% 0.94pu- 1.06pu Unlimited

Fig. 2.4 Grid voltage variation requirements [33].

Voltage Waveform Quality

All Plant and Apparatus connected to the National Electricity Transmission System
should be capable of withstanding the following distortions of the voltage waveform in

respect of harmonic content and phase unbalance [32]:

o« Harmonic Content: the Electromagnetic Compatibility Levels for harmonic
distortion on the Onshore Transmission System from all sources under both Planned
Outage and fault outage conditions, (unless abnormal conditions prevail) shall
comply with Engineering Recommendation G5. The Electromagnetic Compatibility
Levels for harmonic distortion on an Offshore Transmission System will be defined

in relevant Bilateral Agreements [32];

« Phase Unbalance: under Planned Outage conditions, the weekly 95 percentile of
Phase (Voltage) Unbalance, calculated in accordance with IEC 61000-4-30 and IEC
61000-3-13, on the National Electricity Transmission System for voltages above
150kV should remain, in England and Wales, below 1.5%, and in Scotland, below
2%, and for voltages of 150kV and below, across GB below 2%, unless abnormal
conditions prevail and Offshore (or in the case of OTSDUW, OTSDUW Plant and
Apparatus) will be defined in relevant Bilateral Agreements. The Phase Unbalance
is calculated from the ratio of root mean square (rms) of negative phase sequence
voltage to rms of positive phase sequence voltage, based on 10-minute average
values, in accordance with IEC 61000-4-30 [32].
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Active Power

Each Power Generating Module and HVDC Equipment must be capable of [32]:

a)

b)

continuously maintaining constant active power output for system frequency changes
within the range 50.5 Hz to 49.5 Hz;

maintaining its active power output at a level not lower than the figure determined
by the linear relationship shown in Fig. 2.5 for system frequency changes within
the range 49.5 to 47 Hz for all ambient temperatures up to and including 25° C,
such that if the system frequency drops to 47 Hz the active power output does not

decrease by more than 5%;

To clarify, concerning a Power Generating Module, including a DC Connected
Power Park Module utilizing an Intermittent Power Source where mechanical power
input varies over time, the requirement specifies that: 1) The Active Power output
must be unaffected by system frequency under point (a) of the list; 2) the Active
Power output should not decrease with system frequency beyond the specified
amount in (b) above;

At the Grid Entry Point or User System Entry Point, The Active Power output under
steady-state conditions from any Power Generating Module or HVDC Equipment
directly connected to the National Electricity Transmission System, or in the case
of OTSDUW, the Active Power transfer at the Interface Point from any OTSDUW
Plant and Apparatus, should not be influenced by voltage variations within the
normal operating range specified above by more than the change in Active Power

losses at reduced or increased voltage.
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Fig. 2.5 Active Power Output with falling frequency for Power Generating Modules and HVDC
Systems and Electricity Storage Modules when operating in an exporting mode of operation
[32].

Reactive Power

When operating at Maximum Capacity all Type B Power Park Modules must be capable
of continuous operation at any points between the limits of 0.95 Power Factor lagging
and 0.95 Power Factor leading at the Grid Entry Point or User System Entry Point
unless otherwise agreed with The Company or relevant Network Operator. At Active
Power output levels other than Maximum Capacity, each Power Park Module must be
capable of continuous operation at any point between the Reactive Power capability
limits identified on the HV Generator Performance Chart unless otherwise agreed with

The Company or Network Operator.

All Type C and Type D Power Park Modules, HVDC Converters at a HVDC Converter
Station including Remote End HVDC Converters or OTSDUW Plant and Apparatus,
shall be capable of satisfying the Reactive Power capability requirements at the Grid
Entry Point or User System Entry Point (or Interface Point Capacity in the case of
OTSUW Plant and Apparatus or HVDC Interface Point in the case of Remote End
HVDC Converter Stations) as defined in Fig. 2.6 when operating below Maximum
Capacity. With all Plant in service, the Reactive Power limits will reduce linearly below
50% Active Power output as shown in Fig. 2.6 unless the requirement to maintain the
Reactive Power limits defined at Maximum Capacity (or Interface Point Capacity in the
case of OTSDUW Plant and Apparatus) under absorbing Reactive Power conditions
down to 20% Active Power output has been specified by The Company. These Reactive

Power limits will be reduced pro rata to the amount of Plant in service [32].
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Fig. 2.6 Reactive power capability curve [32].

Fault Ride Through Capability

The Fault Ride Through (FRT) Capability refers to the ability of Power Generating
Modules (including DC Connected Power Park Modules) and HVDC Systems to remain

connected to the system and continue operating during periods of low voltage at the

Grid Entry Point or User System Entry Point resulting from secured faults.

The FRT requirements differ according to the topology of the generating unit (i.e.,

offshore or onshore, rotating or converter-interfaced). Two examples are proposed in the
following [32].

» For voltage dips on the LV Side of the Offshore Platform which last up to 140ms

in duration, the fault ride through requirement is defined by Fig. 2.7. V/VN is
the ratio of the voltage at the LV side of the Offshore Platform to the nominal
voltage of the LV side of the Offshore Platform. The purpose of this requirement is
to translate the conditions caused by a balanced or unbalanced fault which occurs

on the Onshore Transmission System (which may include the Interface Point) at
the LV Side of the Offshore Platform [32];

Requirements applicable to Offshore Power Park Modules subject to Voltage which
occur on The LV Side Of The Offshore Platform greater than 140ms in duration. In
addition to the previous requirement, the FRT requirements applicable for Offshore
Power Park Modules during balanced voltage dips which occur at the LV Side of
the Offshore Platform and have durations greater than 140ms and up to 3 minutes
are defined in Fig. 2.8 and termed the voltage-duration profile. This profile is not
a voltage-time response curve that would be obtained by plotting the transient
voltage response at the LV Side of the Offshore Platform to a disturbance. Rather,
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each point on the profile (i.e. the heavy black line) represents a voltage level and
an associated time duration which connected Offshore Power Park Modules must
withstand or ride through [32].

VATN(%)
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0 140ms S00ms Time

Fig. 2.7 Fault Ride Through capability curve of example 1 [32].
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Fig. 2.8 Fault Ride Trough capability curve of example 2 [32].

Grid-Forming/Virtual Synchronous Machine

On January 2022, National Grid ESO approved the GC0137 grid code modification
named "Minimum Specification Required for Provision of GB Grid Forming (GBGF)
Capability (formerly Virtual Synchronous Machine (VSM) Capability)" [33]. This is
one of the first grid code modification which introducing the concept of VSM. However,
in the grid code modification there is a pervasive treatment of the grid-forming and
VSM concepts as synonymous, although the VSM concept is inherently independent of
whether it operates in a grid-following or grid-forming mode, as it will be clarified along

the thesis. Nevertheless, this subsection aims at summarizing the main requirements of
VSMs prescribed by National Grid ESO.
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The Technical Performance requirements are described in the list below and are
extracted from [33, 32]. The Grid Forming Plant has been categorized into two segments:
GBGF-S (Grid Forming Plant derived from a Synchronous Generator) and GBGF-I
(Grid Forming Plant derived from a Power Electronic Converter). This division became
necessary due to slight variations in requirements between the two types of plants. For
instance, owners of GBGF-S plants are not expected to perform certain tests or analyses
because the dynamic performance characteristics of these plants are well-established.
The proposer considers it unnecessary and inefficient to conduct such tests in these cases
[33].

o Active Control Based Power: the Active Power output supplied by a Grid
Forming Plant through controlled means (be it manual or automatic) of the positive
phase sequence Root Mean Square Active Power produced at fundamental System
Frequency by the control system of a Grid Forming Unit. For GBGF-I, this is
equivalent to a Synchronous Generating Unit with a traditional governor coupled to
its prime mover. Active Control Based Power includes Active Power changes that
results from a change to the Grid Forming Plant Owners available set points that
have a 5 Hz limit on the bandwidth of the provided response. Active Control Based
Power also includes Active Power components produced by the normal operation
of a Grid Forming Plant that comply with the Engineering Recommendation
P28 limits. These Active Power components do not have a 5 Hz limit on the
bandwidth of the provided response. Active Control Based Power does not include
Active Power components proportional to System Frequency, slip or deviation that
provide damping power to emulate the natural damping function provided by a

real Synchronous Generating Unit [33].

o Active Phase Jump Power: it consists in the transient injection or absorption of
Active Power from a Grid Forming Plant to the Total System as a result of changes
in the phase angle between the Internal Voltage Source of the Grid Forming Plant
and the Grid Entry Point or User System Entry Point. The technical requirements
prescribe that in the event of a disturbance or fault on the Total System, a Grid
Forming Plant will instantaneously (within 5ms) inject or absorb Active Phase
Jump Power to the Total System as a result of the phase angle change. For GBGF-I
as a minimum value this is up to the Phase Jump Angle Limit Power. Active
Phase Jump Power is an inherent capability of a Grid Forming Plant that starts to
respond naturally, within less than 5 ms and can have frequency components of
over 1000 Hz [33].
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o Active Damping Power: the Active Damping Power is the damped response
of a Grid Forming Plant to an oscillation between the voltage at the Grid Entry
Point or User System Entry Point and the voltage of the Internal Voltage Source
of the Grid Forming Plant. For the avoidance of doubt, Active Damping Power is
an inherent capability of a Grid Forming Plant that starts to respond naturally,

within less than 5ms to low frequency oscillations in the System Frequency [33].

o Active Inertia Power: the injection or absorption of Active Power by a Grid
Forming Plant to or from the Total System during a System Frequency change.
The transient injection or absorption of Active Power from a Grid Forming Plant
to the Total System as a result of the ROCOF value at the Grid Entry Point or
User System Entry Point. This requires a sufficient energy storage capacity of the
Grid Forming Plant to meet the Grid Forming Capability requirements specified in
ECC.6.3.19 [33]. For the avoidance of doubt, this includes the rotational inertial
energy of the complete drive train of a Synchronous Generating Unit. Active Inertia
Power is an inherent capability of a Grid Forming Plant to respond naturally, within
less than 5ms, to changes in the System Frequency. The Active Inertia Power has

a slower frequency response compared with Active Phase Jump Power [33].

« Control Based Reactive Power: the Reactive Power supplied by a Grid Forming

Plant through controlled means based on operator adjustment selectable setpoints

33].

e GBGF Fast Fault Current Injection: the ability of a Grid Forming Plant to
supply reactive current, that starts to be delivered into the Total System in less
than 5ms when the voltage falls below 90% of its nominal value at the Grid Entry
Point or User System Entry Point [33].

e Grid Forming Active Power: Grid Forming Active Power is the inherent Active
Power produced by Grid Forming Plant that includes Active Inertia Power plus
Active Phase Jump Power plus Active Damping Power [33].

o Grid Forming Capability: it is (but not limited to) the capability a Power
Generating Module, HVDC Converter (which could form part of an HVDC Sys-
tem), Generating Unit, Power Park Module, DC Converter, OTSDUW Plant and
Apparatus, Electricity Storage Module, Dynamic Reactive Compensation Equip-
ment or any Plant and Apparatus (including a smart load) whose supplied Active
Power is directly proportional to the difference between the magnitude and phase

of its Internal Voltage Source and the magnitude and phase of the voltage at the
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Grid Entry Point or User System Entry Point and the sine of the Load Angle.
As a consequence, Plant and Apparatus which has a Grid Forming Capability
has a frequency of rotation of the Internal Voltage Source which is the same as
the System Frequency for normal operation, with only the Load Angle defining
the relative position between the two. In the case of a GBGF-I, a Grid Forming
Unit forming part of a GBGF-I shall be capable of sustaining a voltage at its
terminals irrespective of the voltage at the Grid Entry Point or User System Entry
Point for normal operating conditions. For GBGF-I, the control system, which
determines the amplitude and phase of the Internal Voltage Source, shall have a
response to the voltage and System Frequency at the Grid Entry Point or User
System Entry Point) with a bandwidth that is less than a defined value as shown
by the control system’s NFP Plot. Exceptions to this requirement are only allowed
during transients caused by System faults, voltage dips/surges and/or step or ramp
changes in the phase angle which are large enough to cause damage to the Grid

Forming Plant via excessive currents [33].

Voltage Jump Reactive Power: it consists in the transient Reactive Power
injected or absorbed from a Grid Forming Plant to the Total System as a result of
either a step or ramp change in the difference between the voltage magnitude and/or
phase of the voltage of the Internal Voltage Source of the Grid Forming Plant and
Grid Entry Point or User System Entry Point. The technical requirements prescribe
that he transient Reactive Power injected or absorbed from a Grid Forming Plant
to the Total System as a result of either a step or ramp change in the difference
between the voltage magnitude and/or phase of the voltage of the Internal Voltage
Source of the Grid Forming Plant and Grid Entry Point or User System Entry Point.
In the event of a voltage magnitude and phase change at the Grid Entry Point or
User System Entry Point, a Grid Forming Plant will instantaneously (within 5ms)
supply Voltage Jump Reactive Power to the Total System as a result of the voltage
magnitude change [33].

2.1.3 UNIFI Specifications for Grid-Forming Converters

As outlined in the previous subsections, grid codes prescribe the requirements of grid-

tied converters to support the grid. Moreover, in the past years, several international

projects suggested fundamental requirements to guarantee the acceptable power system

operation with high penetration of grid-tied converters [34, 35, 16]. In the following,

this thesis summarizes the specifications prescribed by the Universal Interoperability for
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grid-Forming Inverters (UNIFI) Consortium co-led by the National Renewable Energy
Laboratory (NREL) [16].

Grid-Forming Control

According to the UNIFI, a proper GFM control maintains an internal voltage phasor that
is constant or nearly constant in the sub-transient to transient time frame (i.e., 0-5 cycles)
[16]. Therefore, the GFM converter will almost immediately respond to changes in the
external system and attempt to keep the converter control during grid perturbations to
maintain the grid stability. Moreover, the voltage phasor is controlled to synchronize to
the other devices in the grid while regulating the active and reactive power to support
the grid.

Performance Requirements for Operation Within Normal Grid Operating

Conditions

Normal operations for power systems are defined by operation within a narrow range
around nominal voltage and frequency, with the ability to go outside of those ranges for
short periods of time. The requirements within normal operating conditions are fully

described in [16] and summarized here as follows:

o Autonomously Support the Grid: as GFL, GFM converters have to au-
tonomously respond to changes (both transient and steady state) in their locally
measured signals (e.g., terminals of the converter or point of interconnection voltage,

current, and frequency) to support the local power system:;

« Dispatchability of Power Output: when operating as part of an interconnected
grid, a GFM plant’s steady state power output, within the normal range of voltage
magnitude and frequency, should be dispatchable either through system operator
control or by a locally determined goal, based upon a market clearing solution, like

a GFL converter;

« Provide Positive Damping of Voltage and Frequency Oscillations: it is
expected that a GFM converter will present a non-negative resistance or damping
to the grid within a frequency range of common grid electrical resonances to prevent

the initiation of any adverse interactions or oscillations;
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« Active and Reactive Power Sharing across Generation Resources: a GFM
converter has to autonomously share power with other generation resources using
the principles of droop akin to the operation of conventional synchronous generators

or GFL converters;

e Operation in Grids with Low System Strengths: a GFM converter is ex-
pected to operate stably when connected to a power system with low system
strength. The system strength is a term used to describe how fast a system’s

voltage and frequency change after a disturbance. The strength metrics are:

— Short Circuit Ratio (SCR);
— Rate of change of frequency (ROCOF) during grid disturbances;

— Critical clearing time (CCT) of short-circuit faults to ensure stable operation

after fault clearance;

— Rate of change of voltage in response to changes in current injection to the

grid (i.e., apparent source impedance).

e Operation Under System Unbalance: a GFM converter should not actively
oppose or prevent the flow of negative sequence current for small levels of voltage
unbalance. If the provision of large amounts of negative sequence current introduces
stress to equipment, reduction or limitation of the magnitude of the current may

be allowed after discussion with the system operator.

Performance Requirements for Operation Outside Normal Conditions

Abnormal conditions on the power system (e.g., temporary and permanent faults, oscilla-
tions, generation loss, load loss, blackouts) are characterized by voltage and frequency
excursions outside of the normal operating ranges. The requirements outside normal

operating conditions are fully described in [16] and summarized here as follows:

« Ride-through Behavior: a GFM converter must ride-through events that result
in operations outside normal limits by injecting current during and after a voltage
sag to aid in voltage recovery. The injected current must oppose to the change in
voltage at each converter terminal subject to physical limitations of the converter
unit. It is expected that the converter will continue to inject current within its
ratings. The purpose of current injection is to support system-wide stability subject

to hardware equipment limitations and capabilities;
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« Response to Symmetrical Faults: during symmetrical faults, a GFM converter
is expected to maintain a balanced internal voltage to the extent possible within
its physical limits. The GFM converter should inject current to oppose the change

in voltage;

« Response to Asymmetrical Faults: during asymmetrical faults, a GFM con-
verter is expected to maintain a balanced voltage to the extent possible within its
physical limits. This naturally results in the GFM converter outputting unbalanced

currents, including negative sequence currents;

» Response to Abnormal Frequency: as long as the frequency does not exceed
the must-not-trip region defined by system planner or by IEEE 1547-2018 [36]
or IEEE 2800-2022 [37] or other applicable requirements or standards, a GFM
converter is expected to modulate active power as required during and after a

frequency excursion event to aid in frequency recovery and stability;

 Response to Phase Jumps and Voltage Steps: a GFM converter is expected
to absorb or inject active and /or reactive power to resist changes in positive sequence
voltage phase angle and is expected to do so unless it exceeds an equipment limit.
Similarly, a GFM converter is expected to absorb or inject reactive/active power to

reduce changes in the positive sequence voltage magnitude.

Additional GFM Capabilities

This subsection collects additional capabilities that UNIFI suggests to implement in

coordination with the system operator, as follows:

o Intentional Islanding: a GFM converter that is designed to maintain an in-
tentional island is expected to be capable of maintaining a stable voltage and
frequency when intentional islanding occurs. This capability depends on certain
conditions listed in detail in [16]. Once the operation of the island has stabilized,
the GFM plant’s voltage and frequency operating ranges should be adequately set
to allow continuous operation over the load range of the island without tripping on
over-voltage and/or frequency protection settings as defined by the system planner

or by applicable standards or respective protection studies;

« Black Start and System Restoration: some GFM converters can be designed

and programmed to provide black start services. If implemented, these black start
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services should be coordinated with system operators to help in system restoration
from black-out conditions. The suggested step-by-step procedure to properly

perform the black start service is detailed in [16];

« Regulating Voltage Harmonics: the harmonic distortion of the line-to-neutral
voltage waveforms produced by a GFM plant should comply with the requirements
of the system planner. As a result, a GFM converter may inject harmonic currents
at its point of interconnection to aid in reducing the amplitude of voltage harmonics

induced by other power system components;

» Secondary Voltage and Frequency Signal Response: GFM plants that are
expected to participate in secondary control, should be able to receive an external
signal that enables power flow control from a system operator. This is known as
the secondary control signal since the unit or plant receives an external signal to
adjust power output. Once it receives new setpoints, the GFM plant is expected
to operate (within the GFM converter’s limits) at the new steady state condition

within the time specified by the system operator.

2.2 General Structure

The general scheme under study consists of a grid-tied converter connected to the grid
trough an LCL (or LC) filter as shown in Fig.2.9. The inverter is supplied by an ideal dc
source as the focus of the work is the control of the dc/ac converter. Therefore, the dc

part of the system is considered ideal.

In this system, e, is the three phase grid voltage, vpcc is the three phase PCC phase
voltage, v, is the three phase measured phase voltage (measured at the filter capacitors),

ig is the three phase grid current and #; is the three phase measured inverter current.

The Point of Common Coupling (PCC) defines the connection between the inverter
and the grid.

The filter consists of an inverter-side inductor Ly (with an equivalent series resistance
Ry), a filter capacitor Cy with a damping resistor R; and a grid-side inductor L, (with
an equivalent series resistance Ryg). The grid is modeled as an equivalent Thevenin

circuit with a grid inductance Lg, and, according to the tests, also a grid resistance R,.
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Fig. 2.9 Scheme of the system under study.

The inverter commands g are generated by the PWM modulator, which receives the

voltage reference v;. This is retrieved by the control algorithm of the converter.

2.3 Grid-Following and Grid-Forming Converters

2.3.1 Grid-Following

A grid-following converter is a grid-tied converter controlled as a current source. It needs
a method to synchronize to the grid (e.g., PLL) [38]. It can exchange active and reactive
power to the grid according to either the grid supporting or the grid feeding approach. It
cannot operate in island mode as a GFM. In grid supporting operation, the converter can
contribute to the voltage amplitude and frequency regulation. The converter receives the
voltage amplitude reference V* and the frequency reference * and participates at the
grid voltage and frequency regulation according to a droop control law [27, 7]. The block
scheme is depicted in Fig. 2.10a. The "Reference Current Generator" block consists of
the droop control laws to retrieve the active and the reactive power references [7]. Then,
they are divided by the measured voltage v, to retrieve the reference current i;. The
typical application is a storage system.

In grid feeding operation, the converter exchanges active and reactive power according
to external active and reactive references P*, Q* (coming from e.g., the MPPT algorithm)
as depicted in Fig. 2.10b. The "Reference Current Generator" consists only on the
division per the measured voltage to obtain the reference current. In both operations
(i.e., supporting and feeding), a current regulator aims at canceling the error between

the reference current i; and the measured current i;. This way, the actual current tracks
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Fig. 2.10 (a) Grid supporting general block control scheme; (b) grid feeding general block
control scheme.

the reference. The current regulator output is the desired (reference) inverter voltage v’
applied to the PWM modulator to retrieve the inverter commands g. Different types of
current regulators are available in the literature. The most adopted solutions are the
proportional integral (PI) and the proportional resonant (PRES) [38, 39]. Hence, a GFL
converter includes a current regulator that easily controls the current, preventing the

overcurrent protection from triggering during abnormal conditions.

Finally, the stability of grid-following converters is strictly related to the grid stiffness.
The stiffer is the grid, the higher is the stability margin of the converter. Therefore, a
grid-following converter well operates in case of stiff grids, while it shows stability issues

in case of weak grid conditions [40, 41].

2.3.2 Grid-Forming

A grid-forming converter is a grid-tied converter controlled as a voltage source with given
amplitude and frequency. The output voltage of the grid-forming control can be used as
a reference for the rest of the system. The main goal of this control strategy is to make
the power converter form the grid. It can operate both connected to the grid and in
island mode (microgrid operation) [42-44]. In island operation, the converter imposes the
voltage (in terms of amplitude and frequency) to supply loads in a microgrid configuration.
In this case, a closed loop voltage control is necessary to cancel the error between the
reference voltage and frequency and the actual values. An additional current regulator
can be added to control the current (e.g., to limit the inverter current). Moreover, a GFM
converter can perform the so-called black start: impose the voltage starting from a zero
value (e.g., in case of restoring the grid after a fault). Next, in grid-connected operation,
the converter behaves as a voltage source trying to impose the reference voltage. The
weaker is the grid, the smaller will be the error between the reference voltage and the

actual voltage. In grid-connected operation, the GFM can operate both with open and
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Fig. 2.11 Grid-forming general block control scheme with dual loop control.

closed loop voltage control. Moreover, it can operate either with a single voltage loop
control or with a dual loop control. In the first case, a single voltage regulator controls
the voltage v.. In the second case, there are two cascaded regulators: inner current
regulator to control the inverter current i;; outer voltage regulator to control v, [45]. The

general block control scheme of the dual loop GFM converter is illustrated in Fig. 2.11.

Finally, even the stability of grid-forming converters is strictly related to the grid
stiffness. The stiffer is the grid, the lower is the stability margin of the converter.
Therefore, a grid-forming converter well operates in case of weak grids, while it shows

stability issues in case of stiff grid conditions [40, 41].



Chapter 3

Virtual Synchronous Machines

This chapter reviews ten representative VSM models found in the literature.

The

VSM solutions are implemented based on their original structures as presented in their

respective papers. However, to ensure a fair comparison under the same conditions, this

thesis proposes a standardized parameter tuning procedure detailed in the following.

The VSM solutions studied and implemented in this thesis are listed in Table 3.1.

Table 3.1 List of VSM solutions.

Model

Output Type

Synchronverter [46-48]
Enhanced Synchronverter [49]
Osaka [50, 51]
VISMA [52, 53]
VISMA I [54, 55]
VISMA 1I [56]
SPC [57, 58]
VSYNC [59, 60]
KHI [61]
CVSM [62, 63]
S-VSC [25, 64]

Grid-Forming
Grid-Following
Grid-Forming
Grid-Following
Grid-Following
Grid-Forming
Grid-Following
Grid-Following
Grid-Following
Grid-Following
Grid-Following/Grid-Forming

The results of this chapter brought to the publication of [65] and [66]. Moreover,

some of the results were obtained as part of a Master’s Thesis [67].
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3.1 General Aspects of the VSM models

This Section provides general information about the system on analysis and the tuning
procedure of the VSM models.

A Virtual Synchronous Machine is a converter able to emulate the behavior of a
conventional synchronous machine. In the following, the main elements of a generic VSM
are listed. Each VSM solution can show differences for one or more parts. A general

block control scheme of a generic VSM is depicted in Fig. 3.1. The main blocks are:

o Mechanical emulation (i.e., swing equation). The most representative element of a
VSM solution is the implementation of the swing equation, i.e., the equation which
describes the mechanical behavior of a synchronous machine. The swing equation

of a synchronous machine is as follows [7]:

dw,

P, — P,=2H
mene dt

(3.1)

where P, is the mechanical power from the prime motor (e.g., turbine), P, is the
electrical power, H is the inertia constant of the machine and w, is the rotor speed.
The equation can be also written in terms of torque [7]. For a virtual machine, the

equation becomes:

do,
P —P,=2H
vy dt

m:/mm (3.3)

where o, is the virtual speed and 6, is the virtual angle of the VSM.

(3.2)

o Virtual damping. The damping of the VSM can be implemented as a damping term
on the swing equation or as a virtual damping flux of a virtual damping winding

[68).

o Active droop control. To perform the active power regulation, a high-level pro-
portional controller can be added [69]. The simplest damping method is the
droop-based damping, where the damping term is proportional to the frequency

deviation from a reference setpoint ®* as follows:

do,
dt

P;—P,=2H

v

+kg(0, — @) (3.4)
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Fig. 3.1 General block scheme of a generic VSM.

o Excitation control. The excitation of the virtual machine is obtained through

an integral (or proportional-integral) control of the reactive power. It provides
the excitation flux and consequently the virtual electromotive force amplitude E,
(68, 70]:
E, :mV/ keﬂm (3.5)
Ve

Reactive droop control. To perform the reactive power regulation, a high-level

proportional controller can be added [64].

Electrical emulation. The electrical part of the virtual machine can be emulated
either using the electrical equations of a synchronous machine or by using a virtual
impedance (or admittance). The virtual impedance (or admittance) can be arbitrary
tuned for each frequency (i.e., fundamental, fifth harmonic, seventh,...) with the

purpose of provide harmonic compensation:

— Virtual impedance. The voltage reference v’ is obtained by subtracting the
voltage drop on the tunable virtual impedance to the virtual electromotive

force;

— Virtual admittance. The tunable virtual admittance is used to retrieve the
reference current from the difference between the virtual electromotive force
and the measured voltage v.. Next, the voltage reference v} is obtained from

the closed loop current control.

3.1.1 Scheme of the hardware on study

The reference hardware to study and implement the VSM solutions is shown in Fig. 3.2.
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Fig. 3.2 Hardware block diagram for the considered VSM solutions [65].

The hardware is the same shown in Fig. 2.9. In this case, the inverter is controlled
according to the VSM algorithm. The VSM block contains the whole control algorithm,
including the grid synchronization procedure, the current control, the Pulse Width
Modulation (PWM) and the measurements. The measured quantities to perform the

VSM controls are the capacitor voltage ve and the inverter current is izpe [65].

3.1.2 Grid-Following and Grid-Forming VSMs

The literature is full of different VSMs algorithms belonging to different typologies
depending on how the virtual electromotive force e, (in terms of amplitude and phase) is

employed:

o GFL VSMs: grid-following VSMs using a tunable virtual admittance Y, to obtain
the reference current as the difference between the virtual electromotive force e,

and the capacitor voltage v, as follows:

ii =iy, =Y (e, —ve) (3.6)

Then, the reference current i} is provided as input of a current regulator to obtain

the voltage reference v;.

In this thesis the current is controlled through a PI current regulator in rotating
reference frame defined either by a PLL or the VSM, according to the model. The

current regulator is tuned according to [38].

The interface between the GFL VSM and the grid can be represented by the single-
phase equivalent circuit shown in Fig. 3.3a. Here, L, denotes the grid inductance,

R, represents the grid resistance, and Cy is the capacitance of the LCL filter.
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Therefore, the virtual machine imposes its virtual electromotive force behind a

virtual impedance to inject the desired reference current.

This kind of VSM embeds a current regulator. Therefore, during faults the current
can be easily kept within safety limits. Moreover, a GFL VSM does not need a
PLL to track the grid because the VSM inherently synchronizes to the grid through
a power synchronization procedure [68]. Moreover, by adding an high level control,
a GFL VSM can be enabled to operate even in island mode as in [64].

Some examples of this VSM typology are the SPC model [57] and the last version
of the Synchronverter [49]. More recent models are [68, 71]. In this thesis, the
SPC is the model adopted to experimentally test the performance of a GFL VSM
against a voltage dip.

¢ GFM VSMs: in grid-forming VSMs the voltage reference v can:

— Corresponds to the virtual electromotive force e,, as happens for single
open loop voltage control. Some examples are the original version of the
Synchronverter [47] and the models in [50, 72];

— Be calculated by subtracting the voltage drop across a tunable virtual impedance
Z, from the electromotive force e,, as, for instance, for the VISMA II model:
[56]:

vi=e, -2, (3.7)

1

— Be retrieved from a dual loop control. The difference between the VSM
electromotive force e, and the voltage drop on a tunable virtual impedance

Z, is used as a voltage reference for the capacitor voltage reference v;:
Vi = e, — Zyly (3.8)

Then, a cascaded dual loop control is employed. A first voltage loop control
receives the reference voltage v, and the actual voltage v, to provide the
inverter reference current ;. Next, as it happens for GFL VSMs, the reference
current is tracked by means of a current regulator whose output is v;. An
example of this type of VSM is the CVSM model [62], which is implemented
in this thesis to test its performance under a voltage dip together with the
Osaka model. The connection between the GFM VSM and the grid can
be represented by the equivalent circuit in Fig. 3.3b. Here, Ly is the filter
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Fig. 3.3 Connection between the VSM and the grid. Equivalent circuit for: (a) GFL VSMs; (b)
GFM VSMs [73].

inductance and Ry is the filter resistance. The other terms are the same of
Fig. 3.3a.

As already stated in the previous chapter, there is a pervasive treatment of the grid-
forming and VSM concepts as synonymous, although the VSM concept is independent
on the grid-following or grid-forming mode. Indeed, the literature showcases VSMs
functioning both as grid-forming (GFM VSM) and grid-following (GFL VSM) and
providing grid support in a straightforward way [55, 70, 68, 49]. Notably, GFM converters
exhibit the capability to operate in microgrid configuration, ensuring a higher level of
resilience. However, in a system with a large penetration of grid-connected converters,
not all of them can operate as GFM for stability issues [74]. Therefore, it is crucial that
GFL converters play a key role in supporting the grid as well. For this purpose, GFL
VSMs can guarantee the provision of ancillary services similarly to GFM VSMs, as it

will be demonstrated in this chapter.

3.1.3 Common Tuning Procedure: Active Part

The tuning of VSMs parameters is performed starting from a common linearized model,

in per unit (pu).

The circuit shown in Fig. 3.4 describes the interface between a voltage source (like
the VSM equivalent stator) and the main grid, assuming a prevalent inductive system

(e.g., Medium or High Voltage systems).

The equivalent circuit quantities, normalized in per unit, include:

e V£0: grid voltage in polar notation (pu);
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Fig. 3.4 Simplified circuit interfacing the VSM stator and the grid [65].

o E/A: VSM electromotive force voltage (pu);
* Xeq: equivalent reactance between the two voltage sources (pu);

e P,: active power transferred from one side to another, expressed in per unit (pu)

as follows:

EV
P, =
Xeg

sin(8) = K, sin(d) (3.9)

where K represents the synchronizing power (pu), which corresponds to the

theoretical maximum transferable power between the two voltage sources [7].

The equivalent reactance X,, (Q) is given by summing the following three contribu-

tions:
Xeg = op(Lg + Lysg + Lg) (3.10)

where Lg is the grid inductance (H); Ly, is the grid-side filter inductance (H); Ly is the
VSM inductance (H). For grid-forming VSMs L; is the real filter inductance Ly, whereas,
for grid-following VSMSs, Lg corresponds to the virtual inductance L,.

The equivalent reactance in pu is x.4:

Xeg

®
Xeqg = —— = —b(Ls +Lpe+Lg)=ls+ 1o+l =xs+ X5+ X, (3.11)
Zy Zp

where I, and x, denote the grid inductance and reactance, respectively (pu); /¢, and xzg
denote the grid-side filter inductance and reactance, respectively (pu); Iy and x; denote

the VSM inductance and reactance, respectively (pu).

The system is linearized around its nominal working condition. Then, a small deviation
(denoted by the prefix A) is applied. The linearized system consists of the swing equation
with the droop-based damping shown in (3.4), the speed integration and (3.4) as follows:
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dw,
P'—P,=2H ;‘; + ka(w, — 0" (3.12a)
AS = 2 A (3.12h)
S
AP, = K sin(AA) ~ K;Ad (3.12¢)

By combining the three equations of (3.12), the linearized block scheme illustrated in
Fig. 3.5 can be finally retrieved [65].

Mechanical
Model

- Aw* =0

- e
AP,
APn_|4 s Aw =

e (0 | 1/5 |
AP,

A8

(% ]

™

Equivalent Model of
Stator+Grid

Fig. 3.5 Linearized model in per unit of VSM stator connected to the grid [65].

The characteristic equation of the scheme in the Fig. 3.5 (3.13a) can be compared

with the general second order equation (3.13b) as follows:

SH + W =0 (313&)

52+ 2oys + oy =0 (3.13Db)

where { represents the desired damping factor and wy denotes the natural frequency
(rad/s) of the system. The results, which are beneficial for certain VSM solutions, can
be derived by comparing (3.13a) and (3.13b).

kd = 2@\/2]‘](,01,[(5 (3.14&)

mst
= 4 / .14
(Y oH (3 b)
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Some VSMs use the frequency wpr; tracked by the PLL in place of the reference w*.

In this case, the linearized model changes and k; must be modify of a factor k. [75]:

B Ly+Lye+Lg
= 7.
k; = kgk, (3.15b)

(3.15a)

c

The damping factor { and the inertia constant H are assigned typical values as per
[7], while the synchronizing power K is contingent upon the equivalent reactance x.,.
Finally, the base values, tuning outcomes, and parameters for VSM models are detailed

in Table 3.2, based on the experimental setup described in Section 3.4 [65].

Table 3.2 Parameters for VSM tuning.

Base Common  Current Source Voltage Source
Values Parameters Parameters Parameters
S, 15kVA V 1 pu [, 0.1 pu ly 0.059 pu

V, 1202V E lpu x4 0146 pu x4  0.105 pu
Iy 60 A lyg 0.013 pu K 6.85 pu K, 9.5 pu
Z, 2883Q [, 0.033pu kg 184 pu kq 216 pu
1 50 Hz ¢ 0.7 oy 16.40rad/s oy 19.31 rad/s
o, 3ldrad/s H 4s k. 1.46 pu k. 1.77 pu
k!, 269 pu k!, 383 pu

To ensure a fair comparison among the VSM solutions, it has been chosen to employ
identical design parameters such as inertia constant, virtual inductance, and damping
factor for each model. This approach allows for an unbiased evaluation and comparison of
the specific characteristics of each model. Optimizing each control algorithm individually
is beyond the scope of this thesis, as it would minimally impact the performance of each

solution, while preserving the fundamental behavior and features of the models [65].

3.1.4 Common Tuning Procedure: Excitation Control

The active parts of the VSMs solutions are very similar with each others. However, the

same is not true for the reactive one.

Some models embed a PI regulator, others a pure integrator or a simple droop control.
Nevertheless, a comprehensive tuning method for the excitation control can be performed

according to the method proposed in [76]. The system on study is the same already
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described for the active control in Fig.3.4. All quantities have been already described,
expect for Q,, the reactive power transferred from one side to another. It can be obtained
from (3.16).

_V-(E-V)
Xtot,pu

Q. (3.16)

As for the active control, the system is linearized around the nominal working point.

The Laplace block scheme is proposed in Fig. 3.6.

A

AQ‘ref+ _ e A)\e -
- ST
AQ, :
Vo
Xtot,pu
AV i + AE
—»( )= W

Fig. 3.6 Linearised model in pu of VSM’s excitation control [76].

The quantities which take part into this model are:

» AQ.y, the variation of the reactive power reference (pu);

o AQ., the variation of the reactive power transferred from the VSM’s stator to the

grid (pu);
« AV, the variation of the grid voltage (pu);
e AE, the variation of the VSM voltage (pu);
e g, the nominal speed equal to 1 pu;
« V, the nominal voltage equal to 1 pu;
o Xior,pu, the equivalent reactance between the two voltages sources (pu);
o Al the variation of the VSM excitation flux linkage (pu);

e T,, the time constant of the excitation control (s);



48 Virtual Synchronous Machines

e k., the gain of the excitation control (pu).

The error between the reactive power reference and the VSM reactive power is
provided to a pure integrator to obtain the excitation flux linkage amplitude. Then, this
is used to retrieve the VSM voltage amplitude. The difference between it and the grid

voltage leads to the exchange of reactive power.

The characteristic equation of the system can be retrieved as follows:

STeXtot,pu + 0ok, =0 (317)

The system is characterized by a single pole, with the following time constant:

_ TeXtot,pu

3.18
ook (3.18)

where T can be imposed by the user and set equal to t.,. The excitation gain k,

becomes:

X
ko = 2L (3.19)
o

The inverse of k. is chosen as reactive droop coefficient:

by=— (3.20)
Finally, the constant K,.. is defined as follows:

ke
Koo = =2 (3.21)

Te

All values are listed in Table 3.3, referring to the experimental setup of section 3.4
[76].
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Table 3.3 Parameters for Excitation Control.

Parameter Value Meas. Unit
Common Parameters
\% 1 pu
E 1 pu
‘70 1 pu
[N 1 pu
lfg 0.013 pu
Lg pu 0.033 pu
Grid-Following Parameters
[, 0.1 pu
Xiot,pu 0.146 pu
T, 1 S
ke 0.146 pu
b, 6.85 pu
Kece 0.146 1/s
Grid-Forming Parameters
Iy 0.059 pu
Xiot,pu 0.105 pu
T, 1 S
ke 0.105 pu
b, 9.52 pu
Kece 0.105 1/s

3.2 Grid Synchronization

To interface inverters with the grid, a process of synchronization has to be performed.
Many synchronization method have been proposed in the literature. One of the most
adopted one is the Phase Looked Loop (PLL) [77]. Another one is the Power Synchro-
nization Loop (PSL) [78].

The synchronization procedure is independent of the control algorithm and so it is

valid for both conventional techniques and VSM solutions.
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3.2.1 Phase Locked Loop: PLL

The basic structure of the PLL is proposed in Fig.3.7 [77]. It is the normalized form,
which is independent of the measured voltage amplitude. It is composed by three parts:
Phase detector, Loop filter and Voltage Controller Oscillator (VOC).

Phase Detector

\
i)
i ) —_— >
- ! Loop Filter Voltage Oscillator
ey e T e
v | ]! ! 0
Vap dq Vag i q.n | ki : : l
I | I
0 : !

Vd,n ®

R

Vabe

~—]—

k,,+? m

\

]

7/

Fig. 3.7 Basic structure of the PLL.

« Phase Detector receives the three phase measured voltages vgq, Vgp, Vee. The first
step is the transformation into the two phase voltages vqq, vgp, applying the Clarke
Transformation by means of the matrix Tqp as in (3.22).

v Vga
[ o= Toc[i * | Vgb
Vep y
gc
2 1 1
vl |3 73 T3] |
ga
= 1 1 | [Veb (3.22)
Vep 0 ’

Then, the rotation transformation is performed to retrieve the two voltages v,

Vgq, by means of the matrix Ty,. It defines the frame (d, g), rotating the frame

Vd Va

Vq vp

[Vd] cos(0) sin(0)
- —sin(0) cos(0)

(a, B) with an angle equal to 0.

=Ty -

Va

VB

(3.23)

Vq

The Clarke and the rotation transformation define the Park Transformation.
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o Loop Filter is a PI regulator which receives as input the normalised grid voltage

component Vg norm- This can be written as follows:

Vegnorm = sin(6, — 0) (3.24)

The working principle of the controller brings v norm to zero. Therefore, in steady-
state, O will be equal to 0,, the grid voltage will be aligned with the d-axis and
Vednorm Will coincide with the amplitude Vnorm. The output of the regulator is the
frequency . For a small difference between the two angles, Equation (3.24) can be

approximated:

Vegnorm = sin(8; — 8) ~ 0, — 0 (3.25)

Next, the Laplace block scheme of Fig.3.8 can be retrieved.

k; 1 0
‘b?_bkp+—l - —
— S N
0

Fig. 3.8 PLL Laplace block scheme.

This scheme is useful to properly design the PI regulator. The open-loop and

closed-loop transfer functions are expressed respectively in (3.26) and (3.27):

kp.pLLS + kipLL

HorprLL = 3 (3.26)

kpprLrs+kiprr

HCL,PLL = (327)

s+ kpprrs+kiprr

Next, the characteristic equation (3.28a) can be compared with the canonic formu-
lation (3.28b), obtaining the expressions (3.29a) and (3.29b) for the PI regulator

gains.

{S2 + kp,PLLS + ki,PLL =0 (3.28&)

5% + 200pw.pLLS + ©p, pry =0 (3.28D)
where:

- Cprr is the desired damping factor;
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- Wpy,prr is the bandwidth frequency, equal to 27 fpy prr (rad/s).

{kp,PLL = 20wpw,pPLL (3.29a)

kipLL = sz,PLL (3.29b)
where:
- kp prr is the proportional gain (1/s);
- kiprr is the integral gain (1/s?).

Spw.pLr is imposed to 5 Hz and the damping factor {pr; equal to 1/\/5. All PLL

parameters are listed in Table 3.4.

Table 3.4 PLL Parameters.

Parameter Value Meas. Unit

Jow.PLL 5 Hz
CrLL 0.707 -
kp,PLL 44.4 1/S
ki,PLL 987 1/82

» Voltage Controlled Oscillator gives as output the phase angle 0 integrating the
frequency. Finally sin(0) and cos(0) are calculated and used as feedbacks to perform

the rotation transformation.

This is the working principle of the standard PLL. Others and more complex structures
exists in literature. The main disadvantage of this solution is the negative impact on the

dynamic of the total system. Nevertheless, for many VSMs it is essential.

3.2.2 Power-based Synchronization

The Power-based synchronization is an alternative grid synchronization method based
on the power-synchronization mechanisms of conventional SMs. [78] proposed for the
first time in the literature a Power Synchronization Loop (PSL) method to overcome the
limitation of a PLL.
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The reference circuit is the one depicted in Fig. 3.4, assuming the two voltage sources
as two synchronous machines, named in this subsection M1 (operating as generator) and

M2 (operating as motor).

Starting from the steady-state operation, the transferred active power from M1 to
M2 is described by (3.9). Imaging to increase the mechanical torque of M1 and going
back to the previous value, the M1 will accelerate, by increasing the speed and so
the rotor angle according to the swing equation (3.1). Therefore, the relative angle &
between E and V of Fig. 3.4 will increase, with a consequent increase of the active power
delivered from M1 to M2. Looking at the swing equation for M2 (with the opposite
signs because it operates as motor), this translates in an increase of the electric power,
and so in the rotor angle and in the decrease of the relative angle 8. Therefore, after a
transient, the two machines will rotate again at the same speed and will go back to the
previous steady-state operation. This mechanism can be adopted as a synchronization
method for grid-connected converters which emulate the mechanism of a synchronous
machine connected to the main grid. However, not all the VSMs employ a power-based
synchronization method. The method is described in the following and the following
section will highlight which VSMs are PLL-based or power-based.

The power-based synchronization method of a grid-tied converter consists of activating
the VSM algorithm before the PWM modulation enabling. Therefore, the virtual machine
starts to synchronize to the grid in a similar way of a PLL. From the measured voltage,
the electrical emulation block of the VSM creates the virtual currents. From the measured
voltage and the virtual current, it is possible to retrieve the virtual power. This is used
as feedback of the swing equation. The machine starts from a steady-state condition in
which the speed is initialized to the nominal frequency value of the grid and an angle set
to zero. As the starting angle position will be different from the angle of the measured
voltage, the virtual current and so the virtual power will not be zero. However, the
reference power of the swing equation is set to zero. Therefore, there will be a transient in
which the swing equation will move the speed and so the angle to null the error between
the virtual reference power and the virtual power as shown in Fig. 3.9. This transient
happens while PWM modulation of the converter is disabled, as for a PLL. Therefore,
this process is virtual and does not involve a real exchange of power with the grid. As
soon as the virtual power error and the frequency derivative are equal to zero, the virtual
machine and so the converter are synchronized to the grid (i.e., the VSM successfully
tracked the grid frequency and angle). The PWM modulation can be enabled with no
inrush currents similarly to the PLL-based synchronization. Fig. 3.9 shows the instance

of PWM modulation enabling (¢ = 1.7 s) with a negligible current injection for a 15 kVA
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inverter. This method is not adopted by all the VSMs because several VSMs available in
the literature use the real measured power as feedback. Therefore, they need a PLL to
synchronize to the grid, because they do not feature a virtual power feedback, which is

essential for a power-based synchronization method.

0 02 04 06 08 1 12 14 16 18 2
t(s)

Fig. 3.9 Power-based synchronization example. From top to bottom: virtual power P, (pu);
virtual speed f (Hz); real inverter current (A).

3.3 Review of the VSM models

3.3.1 VISMA

VISMA is a model proposed for the first time in 2007 by Hans-Peter Beck and Ralf
Hesse [52, 53, 65]. This solution fully emulates the behaviour of a synchronous generator
(SG). It indeed implements the complete electromechanical model of a SG. The general

structure is shown in Fig. 3.10.
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Fig. 3.10 Control scheme of the VISMA model in the Laplace domain [65].

It can be noted that this model belongs to the voltage-input current-output category.
Starting from the external active and reactive power references (respectively P* and Q*)
and the measured phase voltage v¢, the VISMA model creates the current references
on the (d, q) reference frame through the synchronous generators equations. Then, a
conventional PI regulator is used to retrieve the voltage reference qu. Finally, by means
of the Park Transformation, the three phase voltage reference v, . is obtained . The

angle 0 used for the Park Transformation is the angular position of VISMA.

All the following equations are expressed in pu, in the (d, q) reference frame and in
the Laplace domain. The synchronization with the grid is actuated by means of PLL, as
described in the subsection 3.2.1.

The first block on analysis is shown in Fig. 3.11. It is realized combining the electrical
and the magnetic stator equations of a conventional synchronous generator, including

the presence of damper windings.
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Fig. 3.11 VISMA control scheme in the Laplace domain: stator windings [65].

Next, the reference current can be retrieved through the magnetic equations:

ok 1 . .
iy =—- -(Mgpiqp+Mgeic —Ag)
Ly
. 1 .
=7 (Mg,pig.p — Ag)
q

where:

e i’ is the stator current reference on the d-axis (pu);

*

s i, is the stator current reference on the g-axis (pu);
o Ay is the stator flux linkage on the d-axis (pu);
+ A, is the stator flux linkage on the g-axis (pu);
e L, is the stator inductance on the d-axis (pu);

+ L, is the stator inductance on the g-axis (pu);

(3.30a)

(3.30D)

e i, is the current of the excitation winding on the d-axis (pu);
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e i4p is the current of the damper winding on the d-axis (pu);
e i, p is the current of the damper winding on the g-axis (pu);

e M;, is the mutual inductance between the stator winding and the excitation

winding on the d-axis (pu);

e M, p is the mutual inductance between the stator winding and the damper winding

on the d-axis (pu);

e M, p is the mutual inductance between the stator winding and the damper winding

on the g-axis (pu).

The virtual fluxes are calculated using the electrical equations:

Ag=—-0p- (vg+ Rdi:[ + (1)7\.51) (3.31a)

7\q =—-Wp - (Vq + qu; - (D)\d) (3.31b)

L|l—u |

where:

v, is the measured voltage on the d-axis (pu);
* v, is the measured voltage on the g-axis (pu);
e R, is the stator resistance on the d-axis (pu);
* R, is the stator resistance on the g-axis (pu);
o o is the speed of VISMA (pu);

» @ is the base value of speed (rad/s).

The Laplace block schemes for the damper windings are proposed in Fig. 3.12.
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Fig. 3.12 VISMA control scheme in the Laplace domain: damper winding on the d-axis (top)
and g-axis (bottom) [65].

The damping current on the d-axis iy p is retrieved by combining the electrical
equation and the magnetic equation of the damper winding on the d-axis, respectively
written as (3.32a) and (3.32b):

1
Map = R (—Ra.pidp) (3.32a)

. 1 ok .
ldp = L— . (Kd,[) + Md,Dld - Me,Dle) (3.32b)
d,D

where:

e Ag4p is the flux linkage of the damper winding on d-axis (pu);
e R, p is the resistance of the damper winding on d-axis (pu);

e Ly p is the inductance of the damper winding on d-axis (pu);

e M, p is the mutual inductance between the excitation winding and the damper
winding on the d-axis (pu).
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The same considerations are valid for the damping current on the g-axis iy p, where

the electrical and the magnetic equations are respectively (3.33a) and (3.33b):

1
xq,D = E Wy - (_Rq,Diq,D) (333&)

lg.0 = - (Ag.p + My piy) (3.33h)

1
Lyp
where:
o+ A4 p is the flux linkage of the damper winding on g-axis (pu);

« R, p is the resistance of the damper winding on g-axis (pu);

« L, p is the inductance of the damper winding on g-axis (pu).

The last variable of interest is the excitation current i,. It is the output of the
excitation block of Fig. 3.14. The VISMA model has an excitation part different from
the other solutions, because it is the only model which aims to completely emulate the

behaviour of a synchronous generator. It is proposed in Fig. 3.13.

R
[Ze |
Qset+ Q*+ Ve - A I ie
" ? PI - wp 1/s = o—1/L, [~
Q i
‘ — (Mg |—
1/
_ + £
‘70 Reactive
Droop
Control

Fig. 3.13 VISMA control scheme in the Laplace domain: excitation winding [65].

The excitation system embeds a reactive power controller, which is based on a PI
regulator. It uses the error between the reactive power reference Q* and the virtual

reactive power Q. to retrieve the excitation voltage v,.

Next, the virtual reactive power is computed as follows:

Qe =vq iy—va-i, (3.34)
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The reactive power reference Q is obtained by the sum of two terms:
Q" = Qser +AQu (3.35)

where:

o Qg is the external reactive power reference (pu);

e AQy is the reactive droop term in pu, obtained as follows:

AQq = K, (Vo - Vc) (3.36)
where:

« Vp is the voltage reference amplitude (pu);

« K, is the reactive droop coefficient (pu).

Then, the excitation current i, is obtained by combining the electrical and the

magnetic equations of the excitation winding. The two equations are respectively (3.37a)
and (3.37b):

Ae = — - @p - (—Reie) (3.37a)

+(Maiy + Me piap — M) (3.37b)

le

h
< —_ | =

where:

o A, is the flux linkage of the excitation winding (pu);
e R, is the resistance of the excitation winding (pu);

e L, is the inductance of the excitation winding (pu).

This review completes the electromagnetic model of VISMA. The last part is the

mechanical part, shown in Fig. 3.14.
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Fig. 3.14 VISMA control scheme in the Laplace domain: swing equation [65].

The mechanical part of the VISMA is characterized by the typical swing equation in

per unit without the damping term as in (3.2):

P, - P, = 2Hsw (3.38)

where P, is the virtual active power obtained by equation (3.39) in pu:

Pe=vy ig+vy-i, (3.39)

The damping term of the swing equation is used to take the effect of damper windings
into account. In this case it is not necessary, thanks to the presence of the damper
windings [7]. The swing equation gives as output the VISMA speed o and its angular
position 6. The former is used to define the electromotive terms wAy and oA, of the

previous equations. The latter allows to perform the Park Transformation [65].

3.3.2 VISMAI

VISMA T is a simplified version of VISMA, designed in 2011 [54, 65]. Its block scheme is
depicted in Fig. 3.15.
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Fig. 3.15 Control scheme of the VISMA I model in the Laplace domain [65].

VISMA I is grid-following VSM. In the version proposed in the literature, a hysteresis
regulator is used to retrieve the commands for the inverter. This kind of control introduces
not negligible noise, therefore it has been decided to implement VISMA I using the
conventional PI regulator designed for all grid-following converters. The synchronization
with the grid is actuated through a PLL.

As stated before, this is a simplified version of the VISMA model. Therefore, it does
not embed all the equations of a synchronous generator. Three main blocks can be

distinguished: the active part, the reactive part and the virtual impedance block.

The active part consists of a slight different form of the swing equation described in

(3.4) in terms of torque:

do do
Tn—-T.=J— +k — 3.40
ot af(s) 7 (3.40)

where:

o T,, represents the mechanical torque, simulating the mechanical torque of a primary

motor used in conventional synchronous generators;

e T, is the virtual torque;
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o f(s) is the phase compensation term, defined as follows:

fs) = (3.41)

where f(s) represents a low pass filter with a time constant t. In this case the

feedback in the swing equation is not the speed but its derivative.

The speed of VISMA I o is retrieved from the swing equation and the angular position

0 is obtained by integrating the speed.

TO facilitate the comparison with the other solutions, this model has been imple-

mented in terms of powers instead of torques:

_ ol

T,
P, = —¢ (3.42b)
AYA
where the virtual active power in pu P, can be computed as follows:
Pe=vy-iy+vp-iy (3.43)

Next, the excitation block of VISMA I is shown in Fig. 3.16.

w
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Fig. 3.16 VISMA I excitation block [65].

This block embeds a reactive power controller in per unit. It provides the error
between Q* (the reactive power reference) and Q, (the virtual reactive power) to a pure
integrator, in order to retrieve the amplitude of the electromotive force E of VISMA 1.
The pure integrator is characterized by a gain k, and an excitation time constant .
The values are listed in Table 3.3.
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A reactive droop control is also implemented. The reference Q* is defined by the sum

of the external reactive reference Qg and the reactive droop term AQ, as in (3.36).

With the electromotive force amplitude E* and the angular position 0, the three phase
electromotive force e,p. can be retrieved. Finally, the current reference f;bc is retrieved
as the voltage drop on the virtual admittance, calculated from the difference between

the electromotive force e, and the phase voltage ve over the virtual admittance:

o Eabc - vC
=— 3.44
ldbC Rv + SLV ( )

3.3.3 VISMA II

VISMA 1T is the grid-forming version of the VISMA I, proposed in [56, 65]. The control

scheme in the Laplace domain is proposed in Fig. 3.17.
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Fig. 3.17 Control scheme of the VISMA II model in the Laplace domain [65].

—%

As a grid-forming VSM, VISMA II directly produces the voltage reference v,
the PWM modulator. VISMA T and VISMA II show several common elements. Also for
VISMA II the synchronization with the grid is performed through a PLL.

for
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VISMA II consists of by three blocks: active part, reactive part and virtual impedance

block.
The active part implements the swing equation in terms of torque as the VISMA 1

model:
(3.45)

do do
Tm - Te = JE + kdf(S)E

As VISMA I, even this model has been implemented in terms of powers in pu and no

torques:

T,

Py =2 (3.462)
AYA
T,

P, = —¢ (3.46b)
Sb

where P, in pu can be computed by means of the following equation:
(3.47)

P, :ia-v§+iﬁ'vg
Virtual active power P, is computed using the voltage references V;ﬁ and the measured

inverter current faﬁ in the (o, p) reference frame.
Also for the reactive part, all the concepts described for VISMA I are valid for VISMA

II. The excitation block of VISMA II is proposed in Fig. 3.18.
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Fig. 3.18 VISMA II excitation block [65].

A reactive power controller is used to obtain the electromotive force amplitude E*.
To do this, the reactive power reference Q* is compared with the virtual reactive power

Q.. The error goes through a pure integrator which gives E as output. The values of the
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gain k. and the excitation time constant t, are listed in Table 3.3. Even in this case,
the reactive droop control is embedded. Q* is defined by summing the external reactive

power Q. and the reactive droop term AQg, defined as in (3.36).

With the amplitude E* and the angular position 0 the three phase electromotive force

eape Can be retrieved.

As VISMA 1II is a grid-forming model, the connection between this kind of VSM
and the PCC is performed as described in the subsection 3.1.2. But, differently from

Synchronverter base form and Osaka, the electromotive force e,p. does not correspond

*

ape- 1n fact, there is an additional stage constituted by the

to the voltage reference v
virtual stator impedance. In this case, the inverter current is measured and the virtual
voltage drop on the virtual impedance can be computed. However, a derivation of the
current must be performed. This operation strongly amplifies the noise of the measure.
Therefore, it is necessary to filter the current before using it in the control. The filter is

a lows pass filter with the following transfer function:

LPF(s) = —— 3.48
(s) 1+s/of (348)
where @y is the cut-off frequency of the filter (rad/s).
Finally, the voltage reference v, . can be obtained as follows:
7Lkzbc = €abe — (Rv + SLV) : Zabc (349)

Finally, the second main problem of VISMA II can be highlighted. As the voltage
reference v, . is directly provided to a PWM modulator, in open loop control, the
currents are measured but not controlled. Therefore, there is no current limitation

system. Additional blocks must be implemented to perform a safe and reliable saturation

[65).
3.3.4 Synchronverter

Base version of Synchronverter

The Synchronverter is a solution proposed in 2009 by Qing-Chang Zhong and George
Weiss [46, 47]. The control scheme is proposed in Fig. 3.19. The scheme is built in

absolute values.
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Fig. 3.19 Synchronverter control scheme for the base version in the Laplace domain.

The Synchronverter is a grid-forming VSM: starting from the measure of inverter
currents, the voltage references are calculated and provided to the PWM modulator.
There are neither closed-loop current control nor closed-loop voltage control. Therefore,
there is no current saturation system and it is necessary to implement additional blocks
to limit currents. A grid synchronization process is needed and the PLL is employed for

this purpose.

The main part of this structure is the Synchronous Generator Equations block, which

contains the electromechanical equations of the synchronous generator:

T, = Mfif : Gabw sin(e)) (350&)
Q. =~0-Myis - (iape, cos(0)) (3.50b)
Ve =@ Myiy - sin(0) (3.50¢)

where:

e iupc is the three phase inverter current (A);

e sin 0 and cosO are the vectors:
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sin @ =

sin (0)

2
sin (6 - —ﬂ)
3

9

cos0 =

cos (0)

2
cos (9 - —ﬂ)
3

(3.51)

sin 9+2—7T CoS 9+2—7T
- 3 = - 3 -

where (-, -) denotes the conventional inner product in R3;
o Mjyiy is the excitation flux linkage (Vs);
e T, is the virtual torque (Nm);
o o is the virtual speed (rad/s);

e Q. is the virtual reactive power (var);

e Vv ,. is the three phase reference voltage (V).

The mechanical part of Synchronverter is based on the complete swing equation

written in terms of torque and not power. In the Laplace domain it is written as follows:

Tn-T,=Jso+D,  (0—0,) (3.52)

where T,, is the virtual mechanical torque, expressed in Nm. It is calculated as the

real power setpoint Pg.; coming from the source and the speed, assumed equal to the
2

m

reference speed m,. Next, D, is the damping factor, expressed in kg - —. The damping
S

torque is defined as follows:

AT;=D,- (0 —w;) =D, Ao (3.53)

Its main role is to provide damping to the electromechanical part. Moreover, it actually
behaves as a frequency droop coefficient. It means that Synchronverter solution inherently
embeds frequency droop control, but the coefficient is strictly dependent on the damping
effect and the vice versa is also true: there is a coupling between the droop control and
the damping factor. The relationship between the damping factor D, and the damping

coeflicient in per unit kg  is:

_ kaSp

2

D, o
b

(3.54)
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Then, the speed of the Synchronverter is retrieved from the swing equation and it is

integrated to retrieve the angular position 0.

The last portion of the scheme regards the reactive one. It consists of two parts:
Droop Control Q/V and Excitation. The first one embeds the voltage droop control as
in (3.55):

AQy=Dy- (V' =Vprr) (3.55)
where:

« D, is the reactive droop coefficient (var/V);

o V* is the voltage reference amplitude;

« V¢ is the measured voltage amplitude (V).

The reactive power reference is defined by the sum of AQ; and the external power

Oser:

Q* = Qset + AQd (356)

The second part is based on a pure integrator and it is used to retrieve the excitation

virtual flux, starting from the difference between the reference Q* and Q.:

11
3T (0" -0.) (3.57)

Here, K is the inverse of K, . of Equation (3.21), expressed in the absolute form [65].

Myiy =

Enhanced version of Synchronverter

An enhanced version of Synchronverter is proposed [49, 65]. Its control scheme is shown
in Fig. 3.20.
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Fig. 3.20 Synchronverter control scheme for the enhanced version in the Laplace domain [65].

Differently from the base version, this model operates as a grid-following converter.
Therefore its output is the current reference fzbc. Then, a current regulator is used to
control the inverter current. The other difference lies in the synchronization process with
the grid. This model can synchronize with the grid on its own, avoiding the employment

of the PLL. This is the version used for experimental tests and comparison.

There are some analogies and differences with respect to the base version. The
reactive portion of the model (Excitation and Droop Control Q/V) are exactly the same.

The active one is, instead, different.

As it can be observed from Fig. 3.20, the difference between the mechanical torque
T,, and the damping torque AT, divides into two paths: in the first one the error goes
through a high pass filter, whereas in the second one there is a low pass filter. Then,
the sum between these two contributions is compared to the virtual torque 7, and the
conventional swing equation block can be completed. The other difference lies in the
Equations Block, which substitutes the Synchronous Generator Equations block. It
includes:

e the Park Transformation used to transform the phase voltage vc in the vy, on the

rotating reference frame (d, q);
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e the computation of the virtual torque T,, the virtual reactive power Q, and

electromotive force e pe:

Te = —Mfif . i; (358&)
3 ok ok

Q. = é(vqld - leq) (3.58b)

Eabc =Mm- Mfif . Sin(e) (3.58(3)

« the virtual impedance implementation to calculate the reference current fzbc. The
difference between the electromotive force e,5. and the measured phase voltage v¢

is the voltage drop on the virtual impedance. The reference is therefore equal to:

1

tabe = 5 " (€abe = Vc.abe) (3.59)

To facilitate the comparison with the other solutions, the results will be provided in

terms of powers in per unit and no torque using the following relationships:

_ o),

T,
Po=2 (3.60D)
AYA

3.3.5 Osaka

The Osaka model is a VSM realized in 2011 [50, 51, 65]. Fig. 3.21 shows its control block

scheme.
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Fig. 3.21 Osaka’s control scheme in Laplace domain [65].

The Osaka model is a grid-forming VSM as it imposes its virtual electromotive as
voltage reference. The main blocks are: Governor Model, Swing Equation and Excitation
+ Droop Control Q/V. They are expressed in pu.

The first block on analysis is the Governor Model. This block performs the primary
frequency regulation. It compares the reference frequency o* with the PLL frequency
wprr. The error is divided by the droop coefficient A and then it goes through a low

pass filter, obtaining the droop active power reference Py:

K, 1
= - (l)* - * 1
1+sT; A ( ©OpLL) (3 6 )

P
where:

» K, is the gain of the low pass filter (pu);

o Ty is the time constant of the low pass filter (pu).

Then, the active power reference P;, can be computed taking also in account the

dependence on the measured voltage, as shown in (3.62) [50]:

Pin=V2,, - (Py+PL) (3.62)
where:

o Py is the external active power reference (pu);
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« V¢ is the measured voltage amplitude (pu).

The successive block consists of the swing equation in pu already seen in (3.4) and

written in the Laplace domain.

Py, — Py =2Hs - o, + kg - Aw (3.63)

Here, P, is the real measured active power (pu). The damping term k, - Aw is

obtained as follows:

kd -Aw = kd((om - ('JPLL) (3.64)
where wpy 7 is the PLL frequency in pu. The Osaka model features indeed a PLL-based
damping.

The swing equation gives as output the Osaka’s speed w,, which is integrated to
retrieve the position 6,,. This is the first piece of the model needed to create the voltage
references. The other one is the electromotive force amplitude E*. It its obtained by the
Excitation+Droop Control Q/V block.

The reactive power reference Q;, is obtained as the combination of two terms:

Qin =01 +AQq (3.65)
where:

e Oy is the external reactive power reference (pu);

o AQy is the reactive droop term in pu as calculated for the previous VSMs:

AQq = K, (Vo - Vc) (3.66)

The Excitation block is built using a PI regulator, which receives the error between
the reactive power reference Q;, and the measured power Q,,;. Its output is E*. The inte-

gral gain is equal to K, of Table 3.3, whereas the proportion gain is experimentally tuned.

With the electromotive force amplitude E* and the angular position 6,,, the electro-

motive force vector e4, can be created. Using Park Transformation, it is converted in
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the three phase vector e ..
Finally, the three phase reference voltage v, is calculated as follows:
vac = €abe — Rlim;abc (367)

where:

e iupc is three phase measured current (A);

e Ry is a virtual resistance which can be tune to reduce the inrush currents (Q)
65].

3.3.6 SPC

The SPC is a grid-following VSM proposed by Abengoa Research in 2011 [57, 79, 65].
The block scheme is shown in Fig.3.22.

Power
Loop Control

— lvc
p* w e - i g

- PLC -U)b abc Virtual abc + b - .
41;?—» Admittance Ti dq PI }—»%’_.

w VCO Iiabc iabe
Q* . " ke }\e J_)l(_’ E‘* 9
+ ‘T ST, —
AQq Q
_C ~_ Reactive
Droop
v Control

Fig. 3.22 Control scheme of the SPC model in the Laplace domain [65].

The SPC model adopts a power-based method to synchronize with the grid, avoiding
the employment of a PLL. The main blocks are: Power Loop Controller (PLC), reactive
block, Voltage Controller Oscillator (VCO) and virtual admittance block. All of them

are expressed in per unit.

The PLC will be accurately described in the following Section. It provides the virtual
speed o in pu, starting from the difference between the active power reference P* and the

measured active power P in pu. It is computed as follows in the (a, ) reference frame:
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P=v, 'ioc"‘vﬁ ~i[3 (368)

As regards the reactive part, the error between the reactive power reference Q* and
the real reactive power Q feeds a pure integrator. The values for the gain k. and the
excitation time constant t, are proposed in Table 3.3. The output of the integrator is
the electromotive force amplitude E*. The reactive droop control is also implemented.
In fact, the reactive power reference Q* is obtained by the sum between the external

reference Qy.; and the reactive droop term AQy. It is obtained as for the other models:

AQy = K, (Vo - Ve) (3.69)

The VCO provides two output. The former is the angular position 6 of SPC, obtained
from the integration of the speed . Then, 0 and E* combine to calculate virtual
electromotive force Z4pc. Next, the current reference 7,,, are calculated by multiplying
the virtual admittance per the difference between the electromotive force and the measured

voltage:

1

labc = m . (€abc - Vc) (370)

Three different types of Power Loop Controller (PLC) have been studied: Synchronous
Generator Emulation, PI Regulator and Lead-Lag [65].

Synchronous Generator Emulation

The first type of PLC on analysis is the Synchronous Generator (SG). Its transfer function

is the following:

Sy k
PLCsg(s) = 22 —2¢ (3.71)
wp S+ ®¢
It is based on the conventional swing equation, already described in (3.4):
« dw
P —P:2HE+kd-Am (3.72)

The block scheme related to (3.72) is shown in Fig. 3.23.



76 Virtual Synchronous Machines

==
QU
A

1/2H

Y
—_
S~

5]

Fig. 3.23 SPC SG: Block scheme of swing equation.
In Fig. 3.23 @* is the reference speed (pu).
The transfer function retrievable from the scheme in Fig. 3.23 is:

1
PLCSG(S) = m (373)

Comparing (3.71) with (3.73), the two coefficients of PLCsg can be calculated:

Wp

k = 3.74
S, (3.74a)
kq
= 4 3.74b
Oc = 5o ( )

With this kind of PLC, SPC emulates the behaviour of the conventional synchronous
generators. There is no dedicated part for the frequency droop control. Therefore, there
is a strict coupling between the damping factor k; and the frequency droop coefficient:
the former is one over of the latter. Therefore, when a grid frequency occurs, the SPC
SG will inject active power according to the tuning of the damping factor k4. Next, P*

corresponds to the external reference Py,;.

PI Regulator

The second type of PLC is a conventional PI regulator. Its transfer function is the
following:

Sy kps+ ki
PLCPI(S):(D_I; £ g

(3.75)
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A PI regulator guarantees a reliable active power control, with no steady state error.
On the opposite, in case of grid frequency variations, the droop control cannot be actuated.

Therefore, an additional dedicated governor model can be added. It is shown in Fig. 3.24.

Pset
W', kG B, + P*
- 1+ STg
w

Fig. 3.24 SPC PTI’s governor.

The governor model performs the active power primary control. It compares the
reference frequency o* with the SPC frequency . The error is multiplied by kg, which
is the inverse of the droop coefficient. It can be arbitrarily tuned. Then, the product
goes through a low pass filter obtaining the active droop term Pg. The filter has a time
constant TG and it is used to avoid abrupt variations of active power when grid frequency

changes.

In this case, P* is the sum between the external active power reference Py,.; and the

active droop term Py,.

Lead-Lag
The third type of PLC is a Lead-Lag. Its transfer function is the following:

Sb kpS + kl
PLC = — 3.76
LL(S) o, s+k g ( )
This structure guarantees no steady state error as happens for SPC PI. Moreover,
it has an additional freedom degree given by k,. A properly tuning of this parameter
leads to the damping-droop decoupling. Therefore, SPC LL can actuate an active droop
control, which will depend only on the tuning of k,. No additional blocks are needed. In

this final case, P* is equal to the external active power reference Pg,;.
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3.3.7 VSYNC

The VSYNC model is proposed by M.P.N van Wesenbeeck, S.W.H. de Haan, P. Varela
and K. Visscher in 2009 [60, 65]. Fig. 3.25 shows the block control scheme in the Laplace

domain.

PLL
ve Vaq],, A Structure
TR ks s |
P, l .k * *
Tty |50 PR |0 ) i g Vane
W Pdu)/d[ Q* Current idq 0
/b |

Fig. 3.25 VSYNC control scheme in Laplace domain.

As it can be observed from the control scheme, it is grid-following model. It provides

as output the current reference fzq in the (d, q) reference frame.

VSYNC is a peculiar model because, differently from many other solutions, its core is
constituted by a PLL structure, highlighted in red in Fig. 3.25. It can be noticed that
there are many elements in common with the conventional structure of PLL, described in
Subsection 3.2.1 and shown in Fig. 3.7. Since it is structured based on a PLL architecture,
the VSYNC model can synchronize with the grid on its own, without the use of external

elements.

Differently from the conventional PLL of Fig. 3.7, this model is built in absolute value
and the PI regulator is substituted by a pure integrator, but the working principle is
the same. Even here in fact, a synchronization process with the grid is performed. The
phase voltage v¢ is measured and transformed in the vector vy, by means of the Park
Transformation. The angle used to actuate the rotation and define the (d, g¢) reference
frame is the VSYNC angular position 0,. The angle 9 is defined as the difference between
the grid phase voltage 6, and 0,. The g-axis component of v4, will be:

Vg = Vpsin(B, — 0) =V} sin(9) (3.77)

where V}, is the base value of voltage.
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The component v, is provided to a pure integrator to retrieve the speed variation
Aw,. Integrating Aw,, the angular position 0, is obtained. In steady state, the integrator
zeroes the g-axis component v, and consequently even the difference between the VSYNC

angle 0, and the grid phase 0,. The synchronization is completed.

VSYNC is based on the PLL structure because a strict analogy between it and the
swing equation can be retrieved. The active power reference P* in per unit can be written

as follows:

P* = Pso; — Ppno — Pawjar (3.78)
where:
e Py, is the external reference of active power (pu);

o Pp is the inertial term (pu);

o Pagjar is the derivative term (pu).

The two terms Pa, and Pgqqr can be retrieved thanks to the analogy between the
swing equation and the PLL structure. The starting point is the conventional swing

equation described in (3.2):

2HS d
P op = 22 (3.79)
w dt

where P, is the active power flowing from the inverter to the grid.

As in Subsection 3.1.3, a linearized model can be built to define the needed parameters.

In the Laplace domain, and assuming o =~ oy, (3.79) becomes:

_2HS,
s

AP, - SA® (3.80)
Note that AP, in absolute value is obtainable as seen in (3.9), applying the base value
Sp:

AP ng in(Ad 3.81
e—EX Sln( ) ( )

tot
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Substituting (3.77) in (3.81), an alternative form for the active power P, can be

retrieved:

3V, 3V
AP, =222 Vi sin(A8) = - b

2 tot tot

Av, = K4Av, (3.82)
This first comparison leads to the definition of the gain Kj:

3V,
2 Xio1

d (3.83)

K, the first gain on the direct chain in Fig. 3.25 expressed in V/Q. Finally, the

derivative term Pgyq/q; in pu is retrieved:

K4
Pawar = 3, V4 (3.84)
b
From the Fig. 3.25 it can be noticed that:
sAw = K;K4Av, = K;AP, (3.85)

Comparing (3.85) with (3.80) the integral gain K; can be defined:

Wp

K; = .
‘= 3Hs, (3.86)
Finally the damping term Paq can be retrieved as follows:
Ppro = kdampA(’)r (387)

where kgump corresponds to kg of Table 3.2.

As regards the reactive power reference Q*, no excitation part is implemented. Q*
consists of two contributions: the external reactive power reference Qg., and the reactive
droop term AQ,. The reactive droop control is used to balance the voltage variation by
means of reactive droop term AQy, as for the other models. The two power references in
per unit are used to computed the current reference fzq in per unit. No active or reactive

power loop control is used. The phase voltage V¢ is measured and transform in vy, by
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means of Park Transformation, using the VSYNC angular position 6,. The two current

reference components in per unit can be finally computed:

* k
Pvi;+0 Vg

ih = (3.88a)
v2 42
\VatVa
P*v, — Q"

i = Pvg = Qva (3.88b)
3 /"3 +v2

Then, a conventional PI regulator is used to retrieve the voltage reference V;qu‘

Successively, the three phase voltage reference v, . is retrieved by means of the Park

Transformation [65].

3.3.8 KHI

The Kawasaki Heavy Industries (KHI) is VSM model proposed in 2012 [61, 65]. The

block control scheme in the Laplace domain is proposed in Fig. 3.26.

*

w
Py 1 :é ) Wpy
O L )
- m 1+stg || T )
P Virtual
Admittance
! [i/s]
AVR Governor / ig
Model Model 5 i* _ 17*
d d
l P 7 QF e
0 —
Q. 1 + B = 7, , jxo | | i vy b
Ve r v q + q abc
— |—»] — — v
f NS ? i
Q ~ |vaq i OpLL

Fig. 3.26 KHI control scheme in Laplace domain [65].

The KHI model is a grid-following VSM, which provides the current reference fzq in
the (d, q) reference frame. The synchronization with the grid is performed by means of
PLL, as described in Subsection 3.2.1.

It consists of three main blocks: Governor Model, AVR Model and Virtual Impedance

Block. Each of them is implemented in per unit.

The Governor Model compares the reference P* with the virtual power P,, computed

as follows:
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P, =v4i5+v,i, 3.89
d q9°q

where v4 and v, are the components of the measured phase voltage v¢ transformed in

V4g by means of Park Transformation. It is performed using the PLL phase angle Opr .

The active power error is multiplied by the active droop coefficient Kgq and then it
goes through a low pass filter characterized by an unitary gain and a time constant Tq.
The output is the frequency variation Awgy related to the active power error. When a
grid frequency variation occurs, the KHI model can inject active power according to the
tuning of Kgy. Then, the sum between the frequency variation Awyq and the reference

frequency o* defines the KHI frequency wg.

The electromotive force e,p. and the measured phase voltage V¢ gpc can be respectively
expressed as the rotating vectors E and V. Moreover, the angle between them is denoted
as 0. By integrating the difference between the virtual frequency wg and the PLL
frequency wprr, & can be retrieved. This is the phase angle of the electromotive force

vector E.

Next, the amplitude of E can be obtained by the AVR model. It shares the same
structure with the governor model: the error between Q* (reactive power reference) and
0, (virtual reactive power) is multiplied by the gain K, and the result goes through a low
pass filter characterised by the time constant T,. The outcome is the voltage variation

AV. Q, is calculated as follows:

Oy = vyiy — vai, (3.90)

Then, the voltage error €, is retrieved as follows:

€ =AV+V* -V, (3.91)
where:

. VC is the amplitude of the phase voltage in pu;

—~

o V* is the reference voltage in pu.

This error feeds a PI regulator which provides the electromotive force amplitude
E 7. The integral gain of the regulator is equal to K. of Table 3.3, whereas k, is

experimentally tuned.
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By means of the amplitude E and the phase angle 8, the components of the vector E

on the (d, q) reference frame can be retrieved:

eq = E cos(8) (3.92a)
e, = Esin(d) (3.92b)

The KHI model is based on the concept of virtual admittance as other VSM solutions.
The current reference vector T:lq is retrieved from the difference between E and V¢
multiplied by the virtual admittance. However, differently from the SPC, for instance,
the KHI virtual impedance is algebraically implemented. Therefore, no integration is

performed and the two components of Tzq in pu can be computed as follows:

bl e
lq €q Vq

where Y is the virtual admittance matrix defined in (3.94):

yo L | (3.94)
_r3+13 - '

v Iy

Finally, the reference current fzq is compared with the measured current iy, and the
error feeds a PI regulator, which produces the reference voltage for the PWM modulator
[65].

3.3.9 CVSM

The Cascaded Virtual Synchronous Machine (CVSM) is a VSM model proposed in 2013
[62]. Fig. 3.27 shows the general block control scheme. It shows the main blocks of this
control algorithm. The CVSM can synchronize with the grid with no need of a PLL. The
model is built on the (d, g) reference frame, defined by the CVSM angular position 0.
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Fig. 3.27 CVSM control scheme in Laplace domain [65].

The first step is the measurement processing. As shown in Fig. 3.28, the phase voltage

ve and the inverter current i,p. are measured to obtain:

e inverter current qu in pu;
 phase voltage vc 44 in pu;

» active power P and reactive power Q in pu:

P= VC,did + Vc,qiq (3.95&)
Q0 =veyld — Ve,dig (3.95b)

Moreover, the active damping algorithm in pu is implemented to reduce the oscillations
caused by the filter between the inverter and the grid. The block scheme is proposed on
the bottom of Fig. 3.28. A low pass filter is used to eliminate all the oscillations on the
measured phase voltage V¢ 44, obtaining ¢4,. The cut-off frequency wap is set to 5 Hz.
Then, the difference between v 4, and ¢4y contains only the undesired components of

Ve,dq- The active damping voltage v’ D.dq Can be finally defined, setting the gain Kap to
1 pu.
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Fig. 3.28 CVSM control scheme: Measuring Processing (top) and Active Damping (bottom)
[65].

In Fig. 3.29 the two external power control loops in pu are shown. On the top
there is the Reactive Power Droop Controller. It is used to retrieve the amplitude of
the electromotive force amplitude ¥ . The gain k4 is the reactive droop coefficient. It
multiplies the difference between the reactive power reference Q* and the filtered reactive
power Q,,. The result of the reactive droop control is the voltage variation Av. Finally,
the electromotive force amplitude " is:

Vo=V 4 Ay (3.96)

On the bottom of the Fig. 3.29 the active part of the model is also proposed. It

consists of two parts: Frequency Droop and Swing Equation.

The Frequency Droop block performs the active droop control. The active power
reference P’ consists of two contributions: the external active power reference P" and

the active droop term P, defined as follows:

Py = ky(0" — o) (3.97)

where kg, is the active droop coefficient in pu.

Then, the swing equation is implemented, as already seen in (3.2):

* d
P’ —p= Tad—(;) +ka (0 - oprr) (3.98)
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where T, = 2H. Here the PLL is only used to perform the damping as it can be seen
from (3.98). Through of the swing equation, the CVSM speed  and the CVSM angular

position 0 can be retrieved.

1%
Q + |k—|Av+l DT
N B
Q Om
e |
Reactive .~
Power Droop Controller
P Swing Equation
P*
w” + | prid- w 0
—- . SO—(1/T, 1/s wp/s
w P, w
Frequency .~
Droop k +
d _
WpLL 7?

Fig. 3.29 CVSM control scheme: Reactive Power Droop Controller (top); Virtual Inertia and
Power Control (bottom) [65].

The CVSM is an examble of grid-forming VSM with a two cascaded voltage and
current closed loop controls. The electromotive force on the (d, g) reference frame consists
of two components: v~ and 0. The parameters of virtual impedance are the same of the
other VSMs. The difference between the electromotive force and the virtual impedance

voltage drop defines the capacitor reference voltage V*C’ dg> 35 shown in Fig. 3.30.

Fig. 3.30 CVSM control scheme: virtual impedance [65].
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As it can be observed, the virtual impedance is algebraically implemented as for the
KHI model.

Next, the closed loop voltage control can be performed. Fig. 3.31 shows the block
scheme. It is a conventional control actuated in the (d, g) reference frame using PI

. o*
regulators. The result is the current reference i4,.

vC,d + P]j + lg
- -

v L N
w E—

1%

o T [ f—
‘UE'q + Y- PI + vyt l;

129 g O

Fig. 3.31 CVSM control scheme: voltage control [65].

Finally, the closed loop current control can be actuated, as shown in Fig. 3.32. Even
here conventional PI regulators are used. They guarantees a reliable current limitation.
The output of the PI regulator is compensated by the damping voltage as well as the cross
electromotive force term. The result is the voltage reference qu. Park Transformation is

used to obtain the three phase voltage reference v, . for the PWM modulator.

VAp,d
ig + p1 | + ¥ Vg
- -_
L D1
W
i
Iq wx- Ipr | g
it 122 ] F_
VZD,q

Fig. 3.32 CVSM control scheme: current control [65].
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3.3.10 Simplified Virtual Synchronous Compensator

The S-VSC (Simplified Virtual Synchronous Compensator) is grid-following VSM imple-
mented at the Politecnico di Torino [80, 68]. Fig. 3.33 shows the block scheme.

I
|
1.3
_________________________ v,zcl -| R
! L
S-VSC vc Pser  QOser T I f
0, i
< Mechanical Py, ‘,_i____lr___ly__________ T
:m Emulation D I :
| . i; i
vz : Power to Iset 3 —»ll : —»fg
Y | Current T N—
| . | Lyg
. . | i; |
vel Electr.lcal iy > Power < Ve l c f= — V5 vPCcc
| Equations Calculation | |
! ; I
A | v
H |
YO \____Current Controlled Inverter | ___ !
‘7‘6 Excitation _ (o)
- Control -
\ /

Fig. 3.33 S-VSC block control scheme [64].
The S-VSC consists of four main blocks:

o FElectrical Equations: this block contains the five virtual stator equations of the
virtual machine. They are written in the (d, g) reference frame which rotates at
the virtual rotor speed w,. The block receives as input the measured voltage v,
the virtual rotor angle 0,, the virtual speed o, and the virtual excitation flux A,.

The virtual current i, is the output. The equations are as follows:

1 dh
ved = —Ryivag — (Dr7\,q + (x)_bd_ld (399)
1 dA
Veg = —Ruivg + 0phg + m—bd—t" (3.100)
Ly dg .
mbqu 7 = —}\rq — qulvq (3101)
Ae — A
iva =~ (3.102)
Ld
}\r - }\«
ivg = % (3.103)
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where R, denotes the virtual resistance, A; and A, represent the d-axis and g-axis
components of the virtual stator flux linkages, L; and L/q' denote the machine
subtransient inductances, which are equal to the virtual inductance L, (indicating
a subtransient isotropic machine), A,, is the flux linkage of the damper winding,

and Ry, and L,, are the parameters of the g-axis virtual damper winding [81].

o Mechanical Emulation: it implements the swing equation [7], generating outputs
for both @, and 6, using the virtual active power P, and the virtual active power

reference P;. The swing equation is represented as (3.2):

do,
dt

P*— P, =2H

v

(3.104)

o FExcitation Control: this block regulates the excitation flux A, and the reactive
power exchange with the grid [82] by receiving as inputs the virtual reactive power

reference Q} and the virtual reactive power Q, as the majority of the other VSMs:

Ae = / Py it (3.105)
Vg
L,+Ls,+L
ke:% (3.106)
e

o Power Calculation: this block calculates P, and Q, using i, and v¢.

The grid synchronization is power-based, i.e., there is no need of an additional PLL.

All the previous VSMs described operate as Virtual Synchronous Generators, i.e.,
the virtual power references correspond to the setpoint of power exchange to the grid.
In other words, when a VSM operates a VSG, it is responsible for processing the total
power exchange. In this way, the dynamic of the control is strictly dependent on the slow
dynamic of the VSM. However, VSMs can operate as a Virtual Synchronous Compensator
as well, such as the S-VSC. The following paragraph aims at describing the differences of
the two mode operations [68].

Distinction between VSG and VSC

The S-VSC is a peculiar VSM model which can operate either as VSG or VSC. To clearly
describe the difference the model is reshaped according to the Fig. 3.34 and consists of
two main parts: a VSM algorithm (highlighted in green) and a current control block
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Fig. 3.34 Scheme of the S-VSC to distinguish the two mode operations (i.e., VSG and VSC).
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Fig. 3.35 Scheme of the Electromechanical block (EM).

(highlighted in grey). The VSM provides the reference current i which is tracked by a
current regulator. The current control block provides the voltage reference v* needed to

retrieve the inverter commands g. The converter operates as a grid-following.

The VSM block contains the Simplified Virtual Synchronous Compensator [25], whose
model is detailed in Fig. 3.34 and Fig. 3.35.

As shown in Fig. 3.34, the Control (highlighted in orange) receives as input four
quantities: reference active power P*, reference reactive power Q*, measured inverter
current #; and measured voltage v¢. The active and reactive power references come from
a higher level control (e.g., Maximum Power Point Tracking algorithm, dc-link voltage
control, droop control) and represent the desired amount of power to exchange with the
grid. The VSM (highlighted in green) consists of two main blocks: Electromechanical
Emulation (EM) block and Power to Current block. According to the selector position
in Fig. 3.34, the reference power P*, Q* can be applied either to the EM block (VSG

operation) or to the Power to Current block (VSC operation). The Electromechanical



3.3 Review of the VSM models 91

not used

————————————

i/ \
Pser =0, Qger =0 | Power to @ :
| Current | ~~—— !
A : it
L
VC —
Y ® |
(v ) |
RN Ry iRl B — !
v s Ly ]
\ AN /
VSG N\

desired reference current
to exchange power

Fig. 3.36 Scheme of the S-VSC in VSG mode.
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Fig. 3.37 Scheme of the S-VSC in VSC mode.

Emulation block is the block already described above. The Power to Current block
calculates the setpoint current is.; from the active and reactive setpoints Py.; and Q.

and the measured voltage v,.

When the VSM operates as VSG, the selector of Fig. 3.34 is low (blue position). The
virtual references P} and Q; are respectively equal to P* and Q*, whereas Py, = 0 and
Qser = 0, as highlighted in Fig. 3.36. Consequently, i, is equal to zero and the reference
current i: is equal to the virtual current i,. Therefore, the EM block is responsible of

managing the total power exchange, i.e., the VSM is operating a VSG.

If the VSM is configured as a compensator (VSC mode), the selector in Fig. 3.34 is
set to a high position (indicated in red). The virtual power references P} and Q] are
consistently maintained at zero. This setup ensures that the virtual component of the
control algorithm focuses solely on providing grid services, while the power generation
setpoints P* and Q* are managed by the conventional inverter structure (i.e., Py = P7,
Oser = Q%) [25]. Fig. 3.37 illustrates the control scheme of the VSM operating as a virtual

compensator. Here, the reference current i is the sum of two components: i, for dynamic
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%

e for high-level control law. The virtual current is active only during

support and i
transient conditions to guarantee the provision of grid services such as inertial support,
and it remains zero during steady-state operations. Consequently, power exchange is
closely tied to the rapid dynamics of the current control regulator (hundreds of Hz). This
advantage suggests that operating in VSC mode can enhance the robust stability of a

grid-connected converter compared to VSM mode operation [68].

3.4 Experimental Comparison

In this section, the results of the experimental tests are presented along with comments

on the key aspects of the experimental implementation [65].

3.4.1 Experimental Setup and Tests

A picture of the experimental setup is shown in Fig. 3.38a. The setup consists of a three
phase inverter interfaced to a grid emulator through an LCL filter. The grid emulator
creates an ideal grid voltage to emulate the grid and test grid frequency and voltage
variations. The inverter is supplied by an ideal dc-source and controlled by a dSPACE
platform according to the VSM algorithms. The scheme of the experimental setup is
illustrated in Fig. 3.38b, while Table 3.5 collects the main data.

dc Source Inverter LCL Filter Grid
Emulator

( ) N . e
S LaiTTE T
I ()T:l’dcn —|G T?’ablc Cr _1_1’70 :Tincc eyT !
. X
Setpoints,, — Feedback | TG
= I |G |Interface| |
A s Oscilloscope | . ) . /
" dSPACE Module E dSPACE Module
(b)

Fig. 3.38 From left to right: (a) experimental setup; (b) scheme of the experimental setup [65].

This thesis presents an experimental comparison of the ten VSM solutions discussed.
Three tests were conducted. Two for the active part (i.e., inertial behavior and frequency

regulation) and one for the reactive part (i.e., grid support during faults) [65, 66].
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Table 3.5 Experimental setup main data.

dc Source Inverter LCL Filter Grid Emulator

Vie 380V Sy 15kVA Ly 545pH E, 120V2V
Iy 60A Cr 22pF f, 50 Hz
fow 10kHz Ly 120pH L, 300 pH

Test 1: Active power reference step from 0.3 pu to 0.4 pu. This test demonstrates the
dynamic behavior of the VSM models when their power setpoint changes, such as when
the power generated by a renewable energy source on the dc side of the converters varies.

This test was designed to evaluate the dynamic performance of the control algorithm.

Test 2: Large power imbalance emulation. The grid frequency follows a profile similar
to the one qualitatively shown in Fig. 1.6 and stabilizes at 49.58 Hz, a typical trend when

a generation source is lost. Test 2 examines three aspects:

1. Inertial behavior: As described in Chapter 1, when a power imbalance occurs, SGs
provide part of their kinetic energy to compensate. This test evaluates the VSMs
capability to emulate this feature [65];

2. Active droop control: represented by the second step of the profile in Fig. 1.6. Some
models include this as an additional feature, while others have it inherently. This

test evaluates their performance in primary frequency control [65];

3. Damping-droop coupling: this test evaluates the presence of coupling between the

damping and droop coefficients in various models [66].

Test 3: Symmetrical voltage dip. The grid voltage decreases at 0.5 pu for 300 ms to
observe the grid support behavior of the VSMs. The test shows the Fault Ride Through
capability and the different behaviors of the various VSM topologies under analysis.

Their response is also compared to the behavior of a conventional GFL control [66].

3.4.2 Test 1: Active Power Reference Step

Fig. 3.39 displays the results of Test 1 for each model. The active power reference changes
from 0.3 pu to 0.4 pu. The models are grouped based on the time required to reach the
steady-state condition [65].

Each VSM model tracks the reference without steady-state error.
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Fig. 3.39 Test 1 results: (top) moving average of the active power AP injected by the inverter
(pu); (bottom) virtual frequency f (Hz) [65].

The S-VSC model has the fastest response among the solutions, with no overshoot.
Since the virtual active power P, of the S-VSC is minimally modified, the response is
solely dependent on the current loop dynamics, with no virtual mechanical transient or
load angle variation. Consequently, the frequency profile shows the smallest variation

among the models.

The profiles for the Osaka and VISMA II solutions are well-damped, while the
responses for Synchronverter, VISMA I, the three SPC versions, and CVSM are under-
damped or show limited overshoot. In all these cases, the setpoint is matched within
1 second. Regarding frequency variation, it remains below 20 mHz in almost all cases.
Exceptions are SPC-PI and SPC-LL, which have a maximum variation of about 60 mHz

due to the presence of a proportional gain.

The VISMA, VSYNC, and KHI models exhibit a consistently underdamped profile.
VISMA, in particular, shows the highest overshoot and longest settling time because
it fully emulates conventional synchronous generators, which are characterized by low

damping.
Finally, both the VSYNC and KHI solutions show an underdamped response with

the transient ending after approximately 1.5 seconds. The frequency variation of the
VSYNC is about 10 mHz, whereas the KHI shows a 100 mHz variation, which is the

highest frequency variation among the solutions.
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3.4.3 Test 2: Large Power Imbalance Emulation

The results of Test 2 are shown in Fig.3.40. The grid frequency changes with an initial
ROCOF of about -0.89 Hz/s, reaches a Nadir around 48.65 Hz, and stabilizes at 49.58
Hz. As discussed in Section 3.3, the VSM models are compared without altering their

original control algorithms. They can be categorized into three groups:

o Models showing a coupling between droop and damping: VISMA I, VISMA 1II,
Synchronverter, and SPC-SG. See Fig.3.40 on the right;

e Models with embedded droop control where droop and damping control are decou-
pled: Osaka, SPC-PI, SPC-LL, KHI, and CVSM. See Fig.3.40 on the left.

o Models without embedded droop control but can easily add it externally if needed:
VISMA, VSYNC, and S-VSC. See Fig.3.40 on the left.

90
~ 49.5
N e , o\
) 0.6
= 49
0.4

— VSYNC —— Osaka =—— VISMA — SPC-PI SPC-SG — VISMA I
— KHI — CVSM ——S-VSC SPC-LL —— Synchronverter —— VISMA II

Fig. 3.40 Test 2 results: (top) VSM frequency f; (bottom) moving average of the active power
AP (pu).

Almost all models employ an active power loop control where the feedback signal is
the active power (or torque). This feedback can either be directly measured (real active
power, denoted as P) or calculated (virtual active power, denoted as P, ), depending on
the model. These two values coincide when the injected active power is not constrained.
However, if saturation occurs, the virtual power must be recalculated without limitations

to ensure control stability, and the algorithm adjusts the current accordingly.
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In the left group of Fig. 3.40, the virtual active power does not exceed 1 pu due to
the decoupling of damping and droop coefficients. Here, the damping term manages
oscillations (if present), while the droop coefficient determines the injected active power
in steady state (if applicable). Conversely, in the right group, the virtual active power of
VSM models exceeds the nominal value because of the coupling between damping and

droop. In these models, the droop coefficient influences the damping coefficient.

In all scenarios, the real active power injected by the inverter must be capped to
adhere to the inverter’s operational limits. Fig. 3.41 illustrates the active power before

and after saturation.
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Fig. 3.41 Results of Test 2: Comparison between the real active power P injected by VISMA 1,
VISMA 11, Synchronverter, and SPC-SG and the corresponding virtual active power P, [65].

Each model, regardless of using a PLL, accurately tracks the grid frequency. Initially,
the VSM models exhibit the typical inertial behavior of conventional SGs, injecting
inertial active power proportional to the inverse of the frequency derivative. In the
following seconds, the responses depend heavily on the implementation of active droop

control.

Osaka, SPC-PI, KHI, and CVSM models use a governor model to regulate frequency.
In steady state, with a droop coefficient of 5%, these VSMs provide the same active
power, equal to 0.168 pu. During the transient, SPC-PI and KHI show similar responses.

For the Osaka model, the active power trend shows a steeper slope compared to
the other three models due to its higher damping coefficient, as indicated in Table 3.2.
Initially, the damping coefficient amplifies the frequency difference, contributing alongside
the governor. A higher damping coefficient results in a higher active power peak, which

is about 0.6 pu in this case.
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The CVSM solution exhibits a faster dynamic compared to SPC-PI and KHI, lacking
a low pass filter in the frequency controller, relying solely on a droop coefficient of 5%.

The active power peak is around 0.6 pu.

The Synchronverter and SPC-LL models operate without a governor but can exchange
active power following changes in grid frequency. Initially, the Synchronverter exhibits
a peak in virtual active power up to 2.5 pu because its high-pass term ATyp remains
unsaturated. In steady state, this term reduces to zero, and the only active power
contribution comes from ATy p, which is limited to 0.168 pu, i.e., the maximum transferable

active power considering a 5% droop coefficient.

The SPC-LL model behaves similarly to SPC-PI and KHI, despite lacking a dedicated
governor model, due to the lead-lag PLC structure providing an additional degree of

freedom to decouple damping and droop control.

VISMA, VISMA I, VISMA 11, SPC-SG, VSYNC, and S-VSC models do not implement
a governor and therefore do not perform primary frequency control. However, an external

droop controller can be added.

VISMA fully emulates a synchronous generator’s behavior, with a much lower active
power trend than the others, peaking at 0.1 pu. At steady state, the active power is
zero due to the absence of a governor. S-VSC, with a similar control scheme to VISMA,

shows a similar response.

For VISMA I, VISMA II, and SPC-SG models, P, surpasses 1 pu during the initial
frequency variation. Upon reaching steady state, the active power for VISMA I and
VISMA 1I decreases to zero because these models do not feature a frequency regulator.
Conversely, SPC-SG continuously injects maximum active power due to the coupling of
droop and damping coefficients. The droop coefficient, constrained by the damping one,

is about ten times lower than in other models, leading to higher active power injection
compared to SPC-PI and SPC-LL.

Lastly, the VSYNC model operates without an active loop control, relying solely on
the measured active power. During the frequency contingency, the active power increases
and exhibits oscillations, settling to zero in steady state due to the absence of a governor
[65].
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3.4.4 Test 3: Voltage Dip

Three different VSMs (Osaka, SPC and CVSM) are experimentally tested against a
symmetric voltage dip of 50% depth and 300 ms duration. They have been chosen as
representative of the following three categories: GFM open loop VSM, GFL VSM, GFM
close loop VSM. Moreover, the test is repeated for the VISMA model as a reference of a
real synchronous machine [52, 7] and for a conventional GFL (CGFL) control responseas

a benchmark for comparing with other control algorithms [38].

The experimental results are illustrated in Fig. 3.42 and Fig. 3.43. The results of
the different models are proposed in Fig. 3.42 on different time scales to highlight the
peculiarity of each solution. Instead, the comparison among the solutions in terms of

response speed is performed in Fig. 3.43 using the same time scale.

Before the fault, the inverter current is almost zero. Indeed, in this test it is assumed
zero active power injection for simplicity. Next, at ¢t = 0 s the voltage dip occurs and
lasts for 300 ms. Then, the grid voltage immediately goes back to the normal operating
conditions. All the control algorithms provide reactive current as soon as the the fault
occurs for the entire duration of the faults, as shown in Fig. 3.42. To demonstrate the
current limitation capability, during the fault the current is limited to 0.6 pu (i.e., 36 A)
of the nominal current. Next, at the end of the voltage dip, the current decreases up to
the pre-fault condition. Fig. 3.43 shows the inverter current acquired by the dSPACE

platform.

In all cases the inverter immediately starts to inject reactive current as soon as
the dip occurs. The Osaka model (i.e., GFM VSM) shows the fastest response as it
operates as a grid-forming converter in voltage open loop. Consequently, it does not
feature a current limitation algorithm. The results are shown in Fig. 3.43a. To avoid the
overcurrent protection trip, if a current threshold of 0.6 pu is reached, the inverter moves
to a current control mode to safety saturate the current. For this reason the current
increases above the current limit and then it goes back to 36 A. Then, the original control
algorithm is restored as soon as a safe condition is reached. Next, the SPC model (i.e.,
GFL VSM) immediately starts to inject reactive current as depicted in Fig. 3.43b. It
keeps the inverter current within the limit of 36 A with no overshoot as it operates as a
grid-following converter with a current regulator. The results of these two models are
proposed on the same time scale in Fig. 3.42 to highlight that the Osaka model needs
circa 2 seconds to go back to the steady-state GFM operation, whereas on the same

time scale the SPC settles in the steady-state condition with no need of operating modes
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switches. Fig. 3.42c and Fig. 3.43c show the response of the CVSM model (i.e., dual loop
VSM). In Fig. 3.42¢ the time scale is shorter to better appreciate the current behavior at
the beginning and at the end of the fault. The entire behavior is quite similar to the SPC
one, as the CVSM embeds a current regulator. Next, the response of the VISMA model
represents the equivalent response of a conventional synchronous machine as illustrated in
Fig. 3.43d. The current shows a unidirectional component that decreases during the fault
as it can be also observed in Fig. 3.42d. Finally, the conventional grid-following control
(CGFL) shows the slowest response among the five algorithms due to the dynamic of the
PLL, as it can be noted in Fig. 3.43e. After about 8 ms the current reaches the limit
value of 36 A. After the fault clearance, the current shows a short transient to go back
to the previous operating condition, as highlighted in Fig. 3.42e. It can be concluded
that all the three VSMs typologies (i.e., GFM VSM, GFL VSM, dual loop VSM) satisfy
the GCO0137 requirement of providing reactive current within 5 ms when the voltage falls
below 90% of its nominal value with negligible differences among them. However, the
GFM VSM needs a backup strategy to avoid the overcurrent fault [66].

3.4.5 Experimental implementation aspects

The VSM algorithms and their tuning were initially verified through PLECS simulations
and subsequently implemented on the experimental setup. Several challenging issues

were encountered during this phase:

o Synchronization procedure: the converter must synchronize to the grid without
causing inrush currents. Typically, this is achieved with a PLL algorithm or other
techniques, which are unsuitable for the SPC and KHI models because they use
measured powers as feedback in their active power loops. To synchronize these
models to the grid, power must first be calculated using current references. Once
synchronization is complete, the control is reverted to the original configuration,

using the measured power;

o Current Limitation: the grid-forming VSMs (e.g., VISMA II and Osaka) lack a built-
in current limitation algorithm. Therefore, a backup strategy was implemented to
ensure the inverter’s safe operation. If a current threshold is exceeded, the inverter
switches to GFL operation to limit the current. Once a safe condition is restored,

the original control algorithm is reinstated. This transition can be observed for
VISMA 1T in Fig. 3.40 at 32 seconds.
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Fig. 3.42 Capacitor measured phase voltage v. , (C1), grid measured current i, (C3, C4, F1)

under a 0.5 pu voltage dip for 300 ms: (a) Osaka; (b) SPC; (¢) CVSM; (d) VISMA; (e) CGFL
[66] (1/2).
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Fig. 3.42 Capacitor measured phase voltage v, , (C1), grid measured current iy (C3, C4, F1)
[66] (2/2).
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Fig. 3.43 Zoom of the three-phase measured inverter current i; at the beginning of the fault:
(a) Synchronverter (Synch in the figure); (b) SPC; (¢) CVSM; (d) VISMA; (e) CGFL [66].

Another current limitation issue pertains to the SPC and KHI models, which use
measured power as feedback. When the current reference is saturated to prevent
faults, they must switch to calculated power feedback without the saturated current

reference; otherwise, the control diverges [65].
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3.5 Experimental validation of the dynamic grid

All the experimental tests proposed in the previous section demonstrated the capability of
VSMs to provide inertial support. However, the tests are performed on VSMs connected
to a static grid emulator, whose voltage (amplitude, frequency and phase) is imposed
as an ideal voltage source. Therefore, the VSMs cannot affect the the grid voltage. To
experimentally validate the beneficial effects of VSMs on the grid stability, the converter
must be able to influence the grid voltage. For this purpose, the experimental setup
is improved by making the grid emulator able to behave as a "dynamic grid", i.e., a
voltage source whose grid voltage changes according to the inverter current. By adding
this feature, this section proposes the experimental validation of the beneficial inertial
support of VSMs on the grid stability, as demonstrated in [67].

3.5.1 Dynamic grid model

The grid emulator operates as a signal amplifier, i.e., it receives an analog three phase
voltage signal with an amplitude of 10 V and it amplifies the signal to the desired value
(e.g., 1202 V as base value) eg. The analogue signals come from the PLEXIM RTBox,
a microcontroller capable of performing a real-time PLECS simulation and to send the

analog signals to the emulator.

The real-time PLECS simulation implements a grid model depicted in Fig. 3.44. It
consists of a swing equation, a primary frequency regulation using a statism of 5% and
a secondary frequency regulation with a time constant of 50 s. The output frequency
is the imposed grid frequency f; to the emulator. The PLECS simulation receives as
input the grid-side current i, and calculates the grid interface power Py from i, and e,.
The frequency is then integrated to obtain the angle of the voltage phasor. The power
step APy is used to emulate grid contingencies and it is expressed in pu of the grid base

power.

3.5.2 Experimental setup

The scheme of the experimental setup is proposed in Fig. 3.45. The setup consists of
three converters, named G1, G2 and R1. G1 and G2 are supplied by the same dc-source.
Each converter has its own LCL filter. The converters are connected through the line
impedances Zi, Zs, Z3 to the grid. Moreover, G1 and G2 operate at base voltage of 208V2
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PFR + SFR PFR : Primary Frequency Regulation
SFR : Secondary Frequency Regulation
Pp. 1 @ P; : Microgrid interface power
!
2Hs AP; : Load variation within the grid

4Py

Fig. 3.44 Swing equation using the grid interface feedback power [67].

V, whereas R1 operates at 1202 V. The grid voltage is 120v2 V. The transformer T1

connects the two subsystems. The system can also operate in a microgrid configuration

by disconnecting the grid emulator. The island operation will be investigated in Chapter

6.
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Fig. 3.45 Scheme of the microgrid consisting of 3 converters [67].

From this setup three different tests are performed:

o Test 1: Single Inverter connected to the grid. The system described in Fig. 3.45

is reduced to a single converter (G1) connected to the grid operating at 208v2 V.

The converter and the grid have the same size (15 kVA). This is a representative

case of a relevant-size power plant able to strongly influence the grid voltage.

o Test 2: Two Inverters connected to the grid. G1 and G2 are connected to the grid
operating at 208V2 V.The two converters and the grid have the same size (15 kVA)

as Test 1.

o Test 3: Three Inverters connected to the grid. G1, G2 and R1 are connected to the
grid as described in Fig. 3.45. G1, G2 and R1 have the same size (15 kVA). The

rated grid power is 100 kVA. This is a more general and realistic scenario where

the grid shows a higher size with respect to the generation units.
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Fig. 3.46 Scheme of the S-VSC model.

In all tests, a grid contingency induces a frequency reduction, as described in the previous
section. All the converters are controlled with the S-VSC model. The three tests
empirically illustrate how the S-VSC can offer inertial support, effectively enhancing grid
stability by lowering the Rate of Change of Frequency (RoCoF) and increasing the Nadir.

3.5.3 Single Inverter connected to the grid

In this test only G1 is connected to the grid. The converter and the grid have the same
base value (i.e., same size). The experimental results are proposed in Fig. 3.47. At ¢
= 0 s, the frequency starts to drop following the same behavior of the previous section.
Two cases are compared: S-VSC disabled (i.e., OFF) in blue and S-VSC enabled (i.e.,
ON) in red. For simplicity, the S-VSC control block scheme is reported again here in
Fig. 3.46. When the S-VSC is disabled, the virtual current is not added the setpoint
current, i.e., the converter operates as a conventional grid-following converter employing
the VSM algorithm only to synchronize to the grid (equivalently to a PLL). In this case,
the converter does not react to the grid contingency and the grid frequency shows a
Nadir of 49.34 Hz at r= 2.63 s (point ¢ of 3.47b) and a RoCoF of:
49.6 — 50

ROCOFOFF X W = 0.4819 HZ/S (3107)

The RoCoF is calculated as a first approximation as the difference between the last
steady-state point (t = 0's, f; = 50 Hz) and the point point a of 3.47b. Next, the test is
repeated by enabling the S-VSC (i.e., i, is summed to is,). It can be observed that the
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converter injects inertial power, and the inertial power contribution positively affects the
grid frequency, by decreasing the RoCoF and shifting the Nadir upward and rightward.
Indeed, the new Nadir is equal to 49.43 Hz and it is reached at = 3.89 s (point d of
3.47b). The new RoCoF, calculated with respect to the point b of 3.47b is:

49.6 — 50

RoCoForr = T 0.2532 Hz/s (3.108)

These experimental results demonstrate the beneficial effect of the VSM to support
the grid by increasing the Nadir and reducing the RoCoF [67].

3.5.4 Two Inverters connected to the grid

The G1 and G2 inverters are connected to the grid. They feature the same base power
S, and inertia time constant H of the grid. Therefore, it is expected that each element
of the system will contribute with 1/3 of the total power, as the sharing of the inertial
power is proportional to the aforementioned parameters. The test is executed four times
and the outcomes are proposed in Fig. 3.48. First, the grid contingency is applied while
both G1 and G2 are controlled in a traditional (trad.) way. The traditional way refers
again to the case of S-VSC control disabled, i.e., i, not added to the setpoint current ig,;.
Therefore, the converter operates as a conventional grid-following converter synchronized
to the grid through a VSM algorithm. The two converters do not provide active power ad
demonstrated in the previous test and the grid frequency trend is illustrated in Fig. 3.48c.
Next, G1 is controlled as VSM and G2 not (case blue of Fig. 3.48) and viceversa, i.e.,
G2 is controlled as VSM and G1 not (case red of Fig. 3.48). In both cases the converter
controlled as VSM provides inertial support while the other one does not react. Moreover,
they contribute in a almost equal to reduce the grid frequency RoCoF and increase the
Nadir in amplitude and time occurrence. Finally, both converters operate as VSM (case

green of Fig. 3.48), further enhancing the grid frequency trend [67].

3.5.5 Three Inverters connected to the grid

Finally, the tests are performed with the three inverters G1, G2 and R1 connected to the
grid emulator. The results are reported in Fig. 3.49. To portray a more realistic scenario,
the base power of the grid emulator is increased to 100 kVA. It is still a relatively low
value, but it is chosen to be able to still see the inertial contributions of the different

VSMs. The three converters have the same size S, = 15 kVA. However, it has been chosen
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Fig. 3.47 (a) Test 1. From top to bottom: inverter power P; (pu) with the S-VSC disabled
(blue) and enabled (red); grid frequency f, (Hz) with the S-VSC disabled (blue) and enabled
(red); (b) zoom of the grid frequency [67].

to set different values of inertia constant to show the different inertial contributions.

They are equal to 4 s, 8 s and 2 s, respectively for G1, G2 and G3. Fig. 3.49 shows how
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Fig. 3.48 Results of Test 2: (a) G1 measured power P; g1 (pu); (b) G2 measured power P; G2
(pu); (c) grid frequency f, (Hz) [67].

the three converters share the inertial active power (referred in per unit to the base value
of the grid) proportionally to the inertia constant. Moreover, Fig. 3.49a and 3.49b show
the four frequencies of the converters and the grid, which slightly oscillate between each
others [67]. This additional result highlights how the S-VSC control algorithm guarantees
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a robust control of a multi converters microgrid connected to the grid against the low

frequency oscillation issues raised by numerous papers available in the literature [83].
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Fig. 3.49 (a) Result of Test 3: (a) from top to bottom: G1, G2 and R1 inverter power P; (pu);
G1, G2, R1 and grid frequency f (Hz); (b) zoom of the four frequencies [67].
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3.6 Conclusions & Main Contributions

As grid codes now mandate active participation from renewable energy sources (RESs),
the concept of Virtual Synchronous Machine (VSM) has emerged as a promising solution.
VSMs emulate the behavior of synchronous machines, providing a way for RESs to
contribute to grid stability.

In this chapter, ten representative VSM models available in the technical literature
have been reviewed and evaluated by adopting the proposed tuning procedure. Three
types of tests were conducted to experimentllay demonstrate how VSMs perform under
two different grid contingencies: a frequency drop, simulating the loss of a generating
unit in the grid (Tests 1 and 2), and a symmetrical voltage dip (Test 3).

Test 1 examines the dynamic properties of the active parts through a power reference
step variation. Only the VISMA and KHI models exhibited unsatisfactory behavior due

to significant overshoots;

Test 2 evaluates the inertial behavior and the capability to perform frequency control,
both crucial for proper grid operation. Models such as Synchronverter, Osaka, SPC-SG,
SPC-PI, SPC-LL, KHI, and CVSM can perform primary frequency regulation. However,
in the SPC-SG model, the droop coefficient depends on the damping term. For the other

models, droop control can be added as a feature with tunable parameters.

The experimental results of the ten VSM solutions are summarized in Table 3.6, with

the three versions of the SPC displayed separately [65].

Test 3 shows the Fault Ride Through capability of different typologies of VSMs
demonstrating that all VSM typologies met the GC0137 requirements of National Grid
ESO, providing reactive current within the stipulated 5 ms timeframe when the voltage
falls below 90% of its nominal value. The performance of these VSMs was compared
against an emulated synchronous generator (VISMA) and a conventional grid-following

control (CGFL), highlighting the superiority of VSMs in responding quickly to faults.

Notably, the three experimental tests conducted on various VSM typologies, including
GFL VSMs, GFM VSMs, and dual-loop VSMs, validate their ability to both provide
inertial contribution and support the grid during faults with no particular differences
between GFL VSMs and GFM VSMs. Moreover, the thesis emphasizes the need for clarity
in distinguishing between GFL, GFM, and VSM, urging for standardized definitions in
the technical literature [65, 66].
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Finally, by substituting the "static" grid with the "dynamic" one, it is possible to
quantify and validate the real effectiveness of the grid frequency stability improvement
given by the inertial contributions of VSMs. The tests are performed for different case
studies: single converter connected to the grid (converter and grid of the same size), two
parallel converters connected to the grid (converters and grid of the same size), three

different converters distributed in a microgrid connected to the main grid [66].

Table 3.6 Results of the comparison [65].

Active Power Frequency
Reference Step Variation Tmp
Model . Frequency Damping-Droop Tunable ’
Damping Peak Decoupling Droop Aspects

VISMA X X v 4 v
VISMA 1 v v X 4 v
VISMA II v v b 4 v b 4
Synchronverter v v X v v
Osaka v v v v b 4
SPC-SG v v b 4 b 4 v
SPC-PI v X v v v
SPC-LL v X v (4 v
VSYNC X v — 4 v
KHI X X — v b 4
CVSM v v v v b 4
S-VSC v v v v v




Chapter 4

VSMs under non-ideal grid

conditions

4.1 Introduction

According to the Virtual Synchronous Machine (VSM) approach, power electronic
converters can emulate conventional synchronous machines (SMs) by providing ancillary
grid services. Furthermore, they can exhibit superior performance compared to SMs,
particularly under non-ideal grid voltage conditions [84]. The literature documents
several VSM-based methods aimed at enhancing voltage quality at the grid connection
point through harmonic current absorption, effectively acting as sinks for harmonics and

mitigating unbalances [85-89)].

For instance, [85] proposes a strategy employing multiple virtual admittances operating
in parallel and tuned at the desired harmonic to compensate. Another example is
[89], where various control strategies combining VSM functionalities with active filter

capabilities are compared, identifying their respective advantages and limitations.

Generally, existing literature on the VSM behavior under non-ideal grid voltage
conditions tends to focus on individual VSM implementations. Consequently, a unified
method for predicting the response of a generic VSM configuration under these conditions,
together with a well-defined set of criteria to enable VSMs to function effectively as
sinks for harmonics and unbalances, is lacking in current research. Therefore, this thesis

proposes a highly general methodology capable of anticipating the response of VSM
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models in terms of power quality, specifically their performance under distorted and

unbalanced grid voltage conditions.

This chapter aims to introduce a straightforward and comprehensive approach for
predicting the behavior of various VSM typologies under non-ideal grid voltage conditions
prior to experimental implementation. Furthermore, it evaluates the essential features
necessary for VSMs to effectively mitigate harmonics and unbalances, identifying which
configurations have the potential to improve voltage quality at the Point of Common
Coupling (PCC).

The proposed methodology has been applied to seven models: S-VSC, VISMA 11,
Osaka, a modified version of the Osaka model (referred to as Osaka II) [90], KHI,
VISMA, and VSYNC. Each model represents a distinct VSM configuration, detailed in

the following section.

These VSM models are implemented using a grid-connected converter connected
to the grid via an LC filter. Consequently, the PCC voltage aligns with the measured
capacitor voltage, as depicted in Fig.4.1. The main system parameters are summarized
in Table 4.1. The VSM Model block encompasses the analyzed VSM algorithms, all of
which have been tuned according to Chapter 3. The models are expressed in per unit.
The experimental validation was conducted under the following testing conditions related

to the grid voltage e,:

o Test 1: 5% fifth harmonic, the predominant non-fundamental component in real

three-phase systems;

o Test 2: 5% inverse sequence distortion, occurring during asymmetrical faults.

The selected testing conditions are designed to simulate common non-idealities in grid

voltage, crucial for emphasizing distinctions among the implemented VSM configurations.

Under these conditions, the anticipated beneficial outcomes of VSMs include a decrease
in the 5'" harmonic distortion and a reduction in the Voltage Unbalance Factor (VUF)
on the PCC voltage v.. These criteria are essential for determining whether a VSM
effectively mitigates harmonics and balances voltage unbalances, respectively, establishing

its capability to function as a harmonic and unbalance sink.

As a second contribution of this chapter, this thesis demonstrates that grid-forming
VSMs with no current loop control suffer the effect of the switching dead-time. The
result is the reduction of the harmonic and unbalance sink capability of GFM VSMs. To

solve this limitation, a dead-time compensation is mandatory. Experimental tests on two
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Fig. 4.1 Considered hardware of the system under study [73].

Table 4.1 System parameters [73].

Inverter Base Values

SN 15 kVA S, 15kVA fp 50 Hz
Iy 30 A Vi 230V2V o, 314rad/s
Ssw 10 kHz I, 30A L, 33.7mH
Vie 650 V Z, 106Q C, 03mF
Virtual Impedance LC Filter Grid

R, 0.02 pu Ry 0.024pu E, 230V2V
L, 0.15 pu Ly 0.059pu R, 0.007 pu

Cy 0.017pu Lg 0.009 pu

representative VSM models demonstrate these findings under the same cases of non-ideal

voltage conditions described above.

The findings of this chapter have been published on [73, 91, 92].

4.2 VSM Models

The virtual stator of the VSM can be modeled using an equivalent Thévenin circuit,
which includes a virtual electromotive force generator e, and a virtual impedance Z,.

This impedance consists of a virtual resistance R, and a virtual inductance L, [73].

As already described in Chapter 3, the VSMs can be gathered in two main categories:
GFL VSMs and GFM VSMs. For simplicity, the two equivalent circuit shown in Fig. 3.3a
and Fig. 3.3b are illustrated again here, in Fig. 4.2a and Fig. 4.2b, respectively [73].
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Fig. 4.2 Equivalent circuits of VSMs connected to the grid, for: (a) GFL VSMs; (b) GFM
VSMs [73].

In Fig. 4.2a L, is the grid inductance, R, is the grid resistance and Cy is the LC filter
capacitance. In Fig. 4.2b, Ly is the filter inductance and Ry is the filter resistance. The

other elements are the same of Fig. 4.2a.

4.3 Theoretical Analysis

A generic quantity x in the (d, g) rotating reference frame at , can be represented as:
X=Xxq+jxq (4.1)

where j is the imaginary unit, wherease x4 and x, are the components of x along the

d-axis and the g-axis, respectively.

Given the equivalent circuits depicted in Fig. 4.2, it is possible to neglect the current
through the capacitor for the scope of this thesis, as it is significantly lower than the
current through the inverter. Consequently, we assume that the grid current i, equals
the inverter current i;. Under this assumption, the voltage law for the circuit in Fig. 4.2a
can be expressed as follows:

e, = Ryi; + Lv% + joL,yi; + v,

e, = AV, +7.
: (4.2)

— I 1] . i
=Av, + R,i; + Lgd—; + joLgi; + eg

=Av, +Avg + ¢,
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Considering the generic harmonic order 4, the steady-state derivative term is:

% = jho (4.3)

Then, (4.2) for the h-th order becomes:

el = AV 49!
= AV + Ryi; + j(h+ oLy, +¢" (4.4)

= AV} + AV + )

The equivalent circuit depicted in Fig. 4.2b follows the same principle:
e, = AV, +Avy + AV, + &, (4.5)
el = AV! + AV} + AV) + ) (4.6)
The virtual impedance Z, can be considered as [73]:

« Complete virtual impedance (CVI). The Kirchhoff’s voltage law (4.2) remains

unchanged, as the virtual impedance mimics a physical impedance;

 Simplified virtual impedance (SVI). In this case, the derivative term in (4.2)
is disregarded, and the virtual reactance is consistent for each harmonic order.
Consequently, in this scenario, the virtual impedance deviates from behaving like a

physical impedance;

« Not implemented (NI).

Six VSM typologies have been implemented as representative cases. They are gathered
into groups according to their category (GFL or GFM) and the method of virtual

impedance implementation. The 6 typologies are detailed as follows [73]:

A. GFL with CVI. The implemented and representative VSM is the S-VSC model,
but all the outcomes are valid for any other GFL VSM available in the literature,
such as VISMA I, GFL Synchronverter and SPC. Moreover, the same analysis can
be applied to most recent GFL VSMs [93-95, 71, 73].

B. GFM with CVI. The representative VSM model is the VISMA 1I [73].
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C. GFL with SVI. The KHI model is the representative VSM implemented to analyze
this kind of typology. The modeling and the finding are also valid for the CVSM
(62, 63]. The same methodology can be applied to other VSMs found in the
literature, including those discussed in [96, 97, 73].

D. GFM with NI. The representative VSM model is Osaka. Moverover, the results
are also valid for other grid-forming VSMs with no virtual impedance, such as the

original version of the Synchronverter or [98, 72].

E. GFM with SVI. The representative VSM solution selected for the analysis validation
is the Osaka IT model [90, 73].

F. GFL with NI. This final configuration includes two GFL models, VISMA and
VSYNC, which do not incorporate a virtual impedance. Although no simpli-
fied models are available for them, they have been implemented and tested as

benchmarks for the configurations mentioned earlier [73].

4.3.1 GFL with CVI

The equivalent circuit of the first category is retrieved from (4.2) and it is proposed in

Fig. 4.3a. For the generic A-th harmonic order, (4.2) becomes:

e = Rl + jhoLyi + joL,i, +7"
= (Ry+Ry)ir +j (h+ D)o(L, + L), +¢
N (4.7)
Req Xl

= (Req + j X1 )i + 2"

The method is applicable to other VSM configurations as well. For instance, in the
VSM proposed in [93], the virtual impedance exhibits a virtual capacitor that can be
integrated into qu. Furthermore, Equation (4.7) remains valid for VSMs employing a
comprehensive and adaptive virtual impedance, whose magnitude can vary based on the
selected algorithm [94, 95]. Additionally, [71] utilizes a complete virtual impedance with
a low-pass filter, where the harmonic and unbalance absorption capabilities hinge on the
filter cut-off frequency. Eq. (4.7) can accommodate this by incorporating the low-pass

filter into the virtual impedance [73].
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4.3.2 GFM with CVI

This configuration refers to the equivalent circuit of Fig. 4.2b. Egs. (4.5) and (4.6)
become (4.8) and (4.9), respectively:

- di; -
e = (Ry+Rp)i; + (L, + Lf)d—lt + jo(Ly + Ly)i; + 7 (4.8)

e =(Ry + R\ + j(h+ Do(Ly + Lp)i, +7"
=(R,+ Ry +Ry) i)+
~—— ————
Req

+j(h+1)co(Lv+Lf+Lg)ff'+EZ

h
Xeq

. <h
=(Re¢q +]Xehq)zl- +e,

The equivalent circuit is illustrated in Fig. 4.3b.

In conclusion, for VSM configurations with a CVI (i.e., configurations A and B),
the virtual reactance performs similarly to real reactances such as the filter impedance
and the grid impedance. Indeed, the reactance is directly proportional to the harmonic
order h. Therefore, the voltage drop across the virtual impedance Av” shows the same
polarity of the grid impedance voltage drop Avg. Finally, configuration B introduces the
contribution of the filter impedance Zy, resulting in a bigger equivalent impedance under

the same conditions [73].

4.3.3 GFL with SVI

This third configuration features a simplified implementation of the virtual impedance,

as the derivative term is null. (4.2) becomes:

— I d; . i —
ey :szi+>i+](ova,~+vc (4.10)

= Ryi;j + joL,i; + V.
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The equivalent circuit is shown in Fig. 4.3c. For the generic harmonic order h, (4.10)

becomes:
—h _ p 3t . -
e, =Ryi; + joL,i; +v,

= (R, +Rg)f?+jw [Ly + (h+1)L] ffl+Efg’
_— (4.11)
Req Xt

= (Reg + ]'qu);? + ?Z

From (4.11), it is evident that the virtual impedance does not depend on the harmonic
order h. It exhibits characteristics resembling a real impedance only at the fundamental
frequency (i.e., h = 0). Conversely, for h # 0, the equivalent reactance behaves as non
physical one. It can be observed that it will be lower than the qu in configurations A
and B. This suggests increased current exchange under identical conditions. In particular,

for h < 0 (e.g., inverse sequence, 5 harmonic, 11"* harmonic, etc.), |Xehq is:

X2 = oLy — (|h] = DoLg] (4.12)

Notably, the virtual and grid reactances contribute with opposite signs if 7 < 0.
Moreover, in the particular case of oL, = (|h|—1)wL,, the total reactance is canceled and
the harmonic current would be limited only by the equivalent resistance, introducing the
risk of overcurrent faults. Therefore, during the tuning procedure, L, must be properly

tuned also according to the estimated L, value.

The same methodology can also be extended to the VSM introduced in [97]. Similar
to [71], a low-pass filter is employed in conjunction with the virtual impedance. As
previously mentioned, the harmonic and unbalance mitigation capabilities are affected by
the cut-off frequency of this filter. Furthermore, the magnitudes of the virtual resistance
and reactance adapt dynamically based on operational conditions. Nonetheless, (4.11)

remains applicable in this context [73].

4.3.4 GFM with NI

The configuration D can be represented using the circuit shown in Fig. 4.2b, where a
zero virtual impedance is assumed due to the direct use of the electromotive force as the
voltage reference for the inverter connected to the grid. Thus, the voltage law for the

circuit in Fig. 4.2b can be expressed as:
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_ di; _
e :Rfil-+Lfd—’t‘ + joL i + 7 (4.13)
The equivalent circuit is shown in Fig. 4.3d. For the generic A-th, (4.13) is:
@' = Ryil + jhoLsi, + joLi, +7"
= (Rf +Ry)ir +j (h+ Do(Ly+ L), +¢"

Req X!

. <h _

= (Req +]X£’q)zl~ + efgl

It is important to note that for this typology, the response under non-ideal grid

voltage conditions is solely determined by the physical parameters, without any ability

to adjust the equivalent impedance, as is possible with the first three configurations (A,
B, and C) [73].

4.3.5 GFM with SVI

The same approach used in 4.3.3 can be adopted for GFM VSMs with SVI. Considering
the equivalent circuit in Fig. 4.2b, (4.8) and (4.9) become respectively (4.15) and (4.16):

— = di; . < —
e, = (R, +Ry)i; + Lfd_tl +jo(L, + Ly)i; + V. (4.15)

—-h -h
el =(Ry+Rp)i; +jo [L,+ (h+1)Ly]i; +7)

:(Rv+Rf+Rg)ffl+
—_———
R
- o (4.16)
+jo[Ly+(h+1)(Ly+Ly)]i; +¢,

Xk
. <h  _p
=(Regq +]Xehq)li +e,

The equivalent circuit is shown in Fig. 4.3e.

Assuming i < 0 (e.g., inverse sequence, 5 harmonic, 11" harmonic, etc.), |Xehq| is:

X0 = oL, = (|1h] = Do(Ly + Ly)| (4.17)
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Fig. 4.3 Equivalent circuits in the (d, g) rotating reference frame for first five configurations

under study: (a) A; (b) B; (¢) C; (d) D; (e) E [73].

Similar to GFL VSMs with SVI, in this configuration, both the virtual and physical
reactances contribute with opposite signs when i < 0. Specifically, when oL, = (|h| —
Do(Ls+ Lg), the equivalent reactance becomes zero. Therefore, even in this case, the
harmonic current is solely constrained by the resistances, posing an overcurrent fault risk.

Even in such scenarios, it remains crucial to appropriately adjust the virtual inductance
[73].

4.3.6 GFL with NI

The last category is dedicated to two GFL models which do not feature a virtual
impedance [73].

VISMA is a VSM model based on the 7" order electromagnetic model of conventional

synchronous generators whose parameters are selected according to Chapter 3 [99, 100].

The last model is the VSYNC, which does not incorporate a virtual stator. Instead, it
generates active power reference using a PLL-based method, whereas the reactive power
reference comes from an external control law. From the power references the model
generates the reference current. Consequently, its response to distorted grid voltage

conditions is directly influenced by the performance of the PLL [101].
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Table 4.2 Results of the theoretical analysis [73].
X!
Conf. R, Harmonic h 5" Harmonic Inverse Sequence
(h = -6) (h=-2)
A R, + R, (h+1)w(L, +L,) —50(L, + Lyg) -0(L, + Lyg)
B R,+Ry+R, (h+1)o(L,+Ls+L;) —5w(L,+Ls+Ly,) —o(L,+Ls+Lyg)
C R, + R, oL, + (h+1)oLg o(L, —5L,) o(L, — Lg)
D Ry + R, (h+1)o(Ly+ L) —50(L s+ Lg) —o(Ls+ Lg)
E R,+Ry+R;, oL,+(h+1)o(Lf+L,) o[L,—-5(Ly+Lg)] o[L,—(Ls+Lg)]

60 e |
~ _6F N 1
X 40 S
TS =
= 20 al — = ]

0 3 '

6 2 0 2 6
h

Configuration
--A -©6-B C =D —-6-E

-h
Fig. 4.4 Theoretical values of: (a) equivalent reactance |X£’q|; (b) current amplitude |i; |; (c)
PCC voltage amplitude |V?|, where h is the harmonic order in the (d, g) rotating reference

frame [73].
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4.3.7 Theoretical Conclusions

In the (d, q) reference frame synchronized with the fundamental frequency of 50 Hz
(h = 0), the 5™ harmonic corresponds to 300 Hz (h = —6), and the inverse sequence
corresponds to 100 Hz (h = -2). e,, generated by the VSM, is zero if & # 0. Therefore,
the current amplitude |ff| can be determined in a straightforward way:
e |

[0 7,2
Req + Xeq

where the grid voltage amplitude |Z§| is set to 5%.

=h =h
|i; | ~ |ig| = (4.18)

Next, the amplitude |V£’| can be calculated using the voltage divider equation:

2 h,2
|—h Ri + Xi |Eh|
h2'"8

RZ, + X,

(4.19)

where R; and Xl.h represent the equivalent resistance and reactance on the inverter side

between e, and v, for the harmonic h.

From (4.19), a VSM improves the voltage quality at the PCC if and only if [73]:

R+ X2 s RE4xP?
——5 <le= (RiR + X;'X]) > ———F—— (4.20)
RZ, + Xy 2

Assuming positive values for R, and L,, configurations A, B and D always satisfies
(4.20) because the term (R;Rg + X i"Xé’) is always positive. Therefore, these configurations
are expected to reduce both the fifth harmonic distortion and the unbalance of the PCC
voltage regardless of the virtual impedance parameters. Conversely, configurations C and
E may have a negative term (R;R, + Xl.hXéf‘) because their virtual and physical reactances

show opposite signs.

For the configurations C and E, (4.20) becomes respectively as (4.21) and (4.22):

RZ+X}°
8
(RyRy + 0L, X} > —gT (4.21)
RZ + X}*
[(Ry + Rp)Rg + (oL, + X})X!] > —% (4.22)
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Fig. 4.5 Phase a leg of the IGBT inverter [92].

Based on the values listed in Table 4.1, configuration C increases the voltage distortions
in both cases as (4.21) is never satisfied. Conversely, configuration E reduces the 5
harmonic distortion. However, it amplifies the unbalance of the PCC voltage since (4.22)

is true only for the fifth harmonic distortion.

More in general, using (4.20) represents an easy and straightforward method to
quantify the beneficial or detrimental effects of the VSM under study. The theoretical

analysis results are summarized in Table 4.2 and illustrated in Fig. 4.4.

Additionally, this method can be applied separately to the d-axis and g-axis, especially

in cases of asymmetric impedances between the two axes [73].

4.4 Dead Time Effect

Considering a two-level converter, a dead-time t; is necessary between the switching
commands of switches within the same leg to prevent shoot-through conditions during
switching operations. An example pciture for phase a is illustrated in Fig. 4.5, where
qhq and g;, denote the commands for the high-side switch and low-side switch. The
dead-time generation is depicted in Fig. 4.6, where Tj,, represents the switching period,
vy is the triangular carrier signal, and v,,,s is the modulation control voltage. The

presence of the dead-time creates a non-linear phase voltage error vy, as follows [102]:

4
Vd = gtdfswvchign(ii) (4‘23)

where f;,, denotes the switching frequency, and sign(i;) represents the sign function of

the three-phase converter current space vector i; in a stationary reference frame [102].

The effect of the dead-time affects the output inverter voltage v; waveform. Fig. 4.7
shows the difference between the phase voltage reference v; , and the moving average of

the output inverter voltage v;, for phase a.
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Fig. 4.6 Dead-time generation on the converter control signals [92].

Due to the presence of the dead-time, the waveform of the inverter voltage becomes
distorted. The zero crossings of the current determine the deviation of the voltage with
respect to its ideal value [103]. To further understand the impact of this voltage error,
the sign function is represented in both the stationary reference frame (@, 8) and the
rotating one (d, g) (rotating at the fundamental frequency w) [102]. The waveforms are
depicted in Fig. 4.8. In the d and g axes, a voltage error with a frequency six times that
of the fundamental frequency is superimposed on the mean value. These errors minimally
affect the behavior of VSMs at the fundamental frequency. Nevertheless, under non-ideal
grid voltage conditions (i.e., in case of voltage unbalance and fifth harmonic), the inverter
current sequence also exhibits negative components, as also seen in the previous section.
This behavior is illustrated by the waveforms of the sign functions shown in Fig. 4.8 and

Fig. 4.8 for voltage unbalance and fifth harmonic distortion, respectively.

In both cases, significant voltage errors are evident on both axes. For voltage
unbalance, an error appears on both axes with a frequency twice that of the fundamental
frequency, and the d-axis error exhibits a non-zero mean value. Similarly, in the case
of fifth harmonic distortion, the error frequency is six times that of the fundamental

frequency.

As discussed previously, grid-forming VSMs with open-loop voltage control cannot
mitigate these errors due to the absence of closed-loop current control. Therefore,
compensating for dead-time is essential to ensure their ability to manage harmonic and
unbalance distortions. Various techniques proposing solutions to compensate for the
dead-time have been discussed in the literature [103, 104, 102, 105, 106]. In this thesis,

the chosen method is based on [103], as it represents one of the simpler solutions available
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Fig. 4.7 From left to right in the legend: voltage reference v}, the actual inverter current i;, the

inverter voltage moving average v; and compensated voltage reference v} . omp for phase a [92].
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Fig. 4.8 From top to bottom: three phase current i;; sign(i;) in the (a, 8) reference frame;
sign(i;) in the (d, q) reference frame. For: (a) direct sequence; (b) negative sequence; (c) fifth
harmonic distortion [92].

in the literature. Nevertheless, any technique described in the literature can be applied,
as the analysis conducted has broad applicability.

According to [103], the average voltage deviation AV, resulting from the accumulation
of dead-time pulses, is computed as follows:

AV =tyfswVace (4.24)

The deviation AV serves to compensate for the dead-time by adjusting the three-phase

voltage reference v;. Finally, the compensated three-phase voltage reference v; , can

be determined as follows:

v

* {v;  HAV,if sign(ip) > 07 (4.25)

i,comp,k = . . .
b vi, — AV, ifsign(ijx) <07
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WME""*

Fig. 4.9 Experimental setup [73].

where k indicates the phase (i.e., a, b or ¢). The compensated voltage reference waveform

is shown in Fig. 4.7 for phase a [92].

4.5 Experimental Tests

This section is divided into two subsection. The first subsection focuses on the experi-
mental validation of the model. In this case, the inverter dead-time of GFM VSMs is
already compensated to focus of the match to the theoretical model and to compare
the results with the other models [73]. Next, the following subsection focuses on the
experimental validation of the inverter dead-time effect of GFM VSMs, showing the
behavior of GFM VSMs with and without dead-time compensation under both normal

operating conditions and non-ideal grid voltage conditions [92].

The experimental setup used for validation is illustrated in Fig. 4.9. It consists
of a two-level three-phase inverter controlled by a dSPACE platform, connected to a
grid emulator via an LC filter. The grid emulator imposes the three-phase voltage e,.
Key parameters of the setup are summarized in Table 4.1. R represents the combined

resistance of the measured LC filter and the ON resistance of the converter IGBTs.

For GFL models, a conventional PI regulator is employed. Additionally, two resonant
current controllers are tuned for the second and sixth harmonics (100 Hz and 300 Hz
respectively) to enable the inverter to control these harmonic components. Initially, two

experimental tests were conducted to validate the proposed simplified method.

The chosen test values are arbitrary but sufficient to highlight differences among the
various configurations. Furthermore, the active and reactive power references are set to 0

pu to specifically evaluate the harmonic and unbalance mitigation capabilities [73, 92].
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4.5.1 Experimental Model Validation

The two tests to the validate the model are the following [73]:

o Test 1: The grid voltage e, exhibits 5% fifth harmonic distortion. If the VSM is
deactivated, the Discrete Fourier Transform (DFT) applied on the PCC line-to-line
voltage v, registers approximately 28 V at the fifth harmonic;

o Test 2: The grid voltage e, exhibits 5% inverse sequence components. In grid
systems, inverse sequence components can occur, especially during asymmetrical
faults. The VUF, defined in standard EN 50160, is calculated for the PCC line-
to-line voltage v, to quantify the contribution of inverse sequence components.
When the VSM control is inactive, the PCC line-to-line voltage shows a VUF of
5%.

4.5.2 Test 1: Fifth Harmonic

The Test 1 results are analyzed using the DFT on the PCC line-to-line voltage v, and
the grid current i,, depicted in Fig. 4.10 and Fig. 4.11.

Configurations with complete virtual impedance (S-VSC and VISMA 1I) effectively
compensate for harmonics. Models corresponding to configurations A and B enhance the
voltage quality at the PCC by acting as active filters. Specifically, the fifth harmonic
decreases from 28 V to 26 V and 27 V respectively for S-VSC (Fig. 4.10a) and VISMA
IT (Fig. 4.10b). Similarly, the Osaka model operates as an harmonic sink despite not
utilizing a virtual impedance (Fig. 4.10d). Its effectiveness depends on the physical
parameters of the grid connection. In these cases (categories A, B, and D), the inverter
current induces a voltage drop across the grid impedance, thereby reducing the voltage
harmonic distortion. The corresponding current waveforms and their DFTs are illustrated
in Fig. 4.11a, Fig. 4.11b, and Fig. 4.11d respectively.

Conversely, the KHI model exacerbates distortion, increasing the 5™ harmonic to 39.7
V (Fig. 4.10c). This is attributed to the simplified structure of its virtual reactance, where
the voltage drops on the virtual and grid reactances feature opposite signs for h < 0, as
discussed in sections 4.3.3 and 4.3.7. Since (4.20) is not matched, the voltage distortion

increases. Finally, the current waveform and its DF'T are illustrated in Fig. 4.11c.
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(d)

Fig. 4.10 Test 1 results. DFT of the PCC line to line voltage v, j;, respectively for: (a) S-VSC;
(b) VISMA II; (c) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC [73] (1/2).
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Fig. 4.10 Test 1 results. DFT of the PCC line to line voltage v, j, respectively for: (a) S-VSC;
(b) VISMA II; (c) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC [73] (2/2).
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(d)

Fig. 4.11 Test 1 results. DFT of the grid current iy, respectively for: (a) S-VSC; (b) VISMA II;
(c) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC [73] (1/2).
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Fig. 4.11 Test 1 results. DFT of the grid current iy, respectively for: (a

(c) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC [73] (2/2).

) S-VSC; (b) VISMA TI;
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()

Fig. 4.12 Test 2 results. The waveforms C1, C2, C3: PCC line to line voltage v, with VSM
control; the waveforms C4, C5, C6: grid current iy with VSM control (time base: 2.0 ms/div);
the waveforms M1, M2, M3: unbalanced PCC line to line voltage v, without VSM control.
Models: (a) S-VSC; (b) VISMA II; (¢) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC
(73] (1/3).
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Fig. 4.12 Test 2 results. The waveforms C1, C2, C3: PCC line to line voltage v, ; with VSM
control; the waveforms C4, C5, C6: grid current iy with VSM control (time base: 2.0 ms/div);
the waveforms M1, M2, M3: unbalanced PCC line to line voltage v, without VSM control.
Models: (a) S-VSC; (b) VISMA II; (c) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC

(73] (2/3).
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(2)

Fig. 4.12 Test 2 results. The waveforms C1, C2, C3: PCC line to line voltage v, ; with VSM
control; the waveforms C4, C5, C6: grid current iy with VSM control (time base: 2.0 ms/div);
the waveforms M1, M2, M3: unbalanced PCC line to line voltage v, without VSM control.
Models: (a) S-VSC; (b) VISMA II; (c¢) KHI; (d) Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC
[73] (3/3).
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Table 4.3 Results of Test 1: Fifth Harmonic [73].

=h —
lig] (A) Feul (V)
Model Theory Experimental Theory Experimental
S-VSC 1.93 1.86 26.57 26
VISMA 11 1.4 1.17 27 27
KHI 14.18 15.32 39.3 39.7
Osaka 4.48 4.15 24.43 24
Osaka 11 7.74 7.53 21.75 21.3
VISMA 0.49 0.32 27.95 28
VSYNC 4.85 4.92 32.23 33.3

Table 4.4 Results of Test 2: Inverse Sequence [73].

7gl (A) VUF (%)
Model . .
Theory Experimental Theory Experimental

S-VSC 9.53 9.22 4.69 4.51
VISMA 11 6.85 6.58 4.77 4.61
KHI 10.7 10.99 5.27 5.42
Osaka 20.44 20.09 4.25 4.2
Osaka II 15.95 16.05 5.22 5.36
VISMA 3.59 3.58 4.91 4.9
VSYNC 5.04 5.11 5.13 5.22

Configuration E (Osaka II model), like configuration C, features a simplified virtual
reactance structure but satisfies (4.20), thereby reducing the voltage distortion as shown

in Fig. 4.10e. Fig. 4.11e illustrates the corresponding current waveform and its DFT.

Furthermore, VSYNC degrades the quality of the voltage by increasing the 5"
harmonic and introducing a significant 7*" harmonic component (Fig. 4.10g and Fig. 4.11g).
Lastly, VISMA draws a negligible current that has no impact on the PCC voltage
(Fig. 4.11f), maintaining the fifth harmonic at 28 V (Fig. 4.10f).

All the findings are collected in Table 4.3, where the theoretical part for VISMA and
VSYNC are derived from PLECS simulations due to the absence of simplified models for
these VSMs [73].
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4.5.3 Test 2: Inverse Sequence

The Test 2 results are depicted in Fig. 4.12 and listed in Table 4.4. Similar to Table
4.3, the theoretical benchmarks for VISMA and VSYNC are obtained from PLECS

simulations. Many observations from Test 1 remain applicable here as well.

The S-VSC, VISMA II, and Osaka models demonstrate positive effects by reducing
voltage unbalance, as evident in Fig. 4.12a, Fig. 4.12b, and Fig. 4.12d, respectively.
Specifically, the RMS voltage of the smallest phase (C2) increases compared to the

previous condition (M2), while the other two phases decrease, resulting in an overall
reduction of the VUF.

Conversely, the KHI (Fig. 4.12¢), Osaka II (Fig. 4.12¢), and VSYNC (Fig. 4.12g)
configurations led to the unbalance amplification: phase b becomes significantly smaller
(C2 compared to M2), and phase ¢ increases (C3 compared to M3), leading to a VUF
higher than 5%. In these cases, configurations C and E do not satisfy (4.20).

Finally, the VISMA model marginally reduces the PCC voltage unbalance, as illus-
trated in Fig. 4.12f [73].

4.5.4 Experimental Dead-time Effect Validation

Two GFM VSMs, namely the Osaka model and the VISMA II model, are selected for
experimental validation to assess the negative effect of dead-time and the beneficial
effects of its compensation on harmonic and unbalance sink capabilities. These models
share identical design parameters such as virtual inertia, damping coefficient, etc., which

were tuned as per the methodology outlined in Chapter 3 [92].

Initially, a preliminary test is conducted to demonstrate that the switching dead-time
has negligible effects on the normal operating conditions of VSMs. Subsequently, two
experimental tests are carried out to evaluate the negative influence of dead-time and

the beneficial effect of dead-time compensation. The three tests are the following [92]:

o Test 3: active power reference step from 0.3 pu to 0.4 pu. This test is designed to
observe the dynamic response of the VSM models when they are required to adjust
their power setpoint. Such scenarios mimic real-world situations where there are
variations in power output from renewable energy sources connected to the DC

side of the converter;

o Test 4: grid voltage e, with 5% of negative sequence;
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o Test 5: grid voltage e, with 10% of fifth harmonic distortion.

For Test 4 and Test 5, the expected sink capabilities of the VSMs are respectively
translated in the reduction of the voltage unbalance factor (VUF) and the fifth harmonic

distortion on the PCC voltage v, as for the previous subsection [92].

4.5.5 Test 3: Active power reference step

Test 3 illustrates that the switching dead-time has no impact on the VSM performance
at the fundamental frequency due to compensation by the power loop control. In this
initial test, a dead-time of 3 s and a switching frequency of 10 kHz are employed. The
results of this test are presented in Fig. 4.13. It is evident that even without dead-time
compensation, both the Osaka model and VISMA II model track the power reference

accurately without any steady-state error.

Subsequently, the test is repeated with the activation of dead-time compensation.
Fig. 4.13a shows that the compensation does not affect the steady-state operation of the
VSMs, confirming expected behavior. Therefore, dead-time compensation can be enabled
to ensure the VSM capability to mitigate harmonics and unbalance, while maintaining

performance during normal operational conditions.

Finally, the test is conducted with a dead-time of 1.1 ps, which is the minimum
recommended by the inverter manufacturer, both with and without compensation.
The results are shown in Fig. 4.13b. Even in this scenario, the VSMs maintain their

performance during normal operating conditions [92].

4.5.6 Test 4: 5% of voltage unbalance

Considering (4.18), the theoretical peak current values for Osaka and VISMA II are
20.12 A and 6.82 A, respectively. The results of the test are presented in Fig. 4.14 and
summarized in Table 4.5. During the initial 100 ms interval, dead-time compensation
is disabled. It is evident that the current amplitudes are significantly lower than the
expected values (1.77 A observed against the expected 20.12 A for Osaka and 1.62 A
observed against the expected 6.82 A for VISMA II).

Subsequently, dead-time compensation is enabled. After a transient period, the Osaka
current amplitudes converge to 19.88 A, whereas the the VISMA II current amplitudes
settles at 6.62 A (close to the theoretical values 20.12 A and 6.82 A, respectively).
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Fig. 4.13 Results of Test 3: Active power variation injected by the inverter after a reference
step of 0.1 pu when the dead-time compensation is disabled (P; g4:i5) and enabled (P;en): (a) tq
=3 ps; (b) 14 = 1.1 ps [92].

This demonstrates the validity of both the modeling approach and the effectiveness of

dead-time compensation.

Next, the dead-time value is reduced from 3 ps to 1.1 ps, and the updated results are
shown in Fig. 4.15 and Table 4.5. As anticipated, the adverse effects of dead-time are
reduced compared to the previous case due to the lower dead-time duration. However,
dead-time compensation remains essential to achieve the theoretical current values

accurately.

Finally, Test 4 is repeated with switching frequencies of 15 kHz and 20 kHz, while
maintaining a dead-time of 1.1 ps. The 20 kHz frequency is the maximum allowable for
safe steady-state operation of the converter at nominal power. The results are shown in
Fig. 4.16 and Fig. 4.17, and summarized in Table 4.5. Increasing the switching frequency
results in a decrease of the injected current without dead-time compensation, as the

voltage error is directly proportional to the switching frequency. However, in each test
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Fig. 4.14 Results of Test 4, t; = 3 ps, fyw = 10 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b) [92].
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Fig. 4.15 Results of Test 4, 14 = 1.1 ps, fys, = 10 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b) [92].
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Table 4.5 Results of Test 4: current amplitudes in case of 5% of grid voltage unbalance [92].

—h
VSM td fsw tdfsw |li| (A)
(us) (kHz) (%) No Comp. With Comp. Theoretical
3 10 3 1.77 19.88
1.1 10 1.1 10.56 19.98
Osaka 15 165 7.70 20.09 20.12
1.1 20 2.2 5.02 20.15
3 10 3 1.62 6.62
1.1 10 1.1 4.79 6.72
VISMA II 1.1 15 1.65 3.90 6.80 0.82
1.1 20 2.2 3.10 6.89

Table 4.6 Results of Test 4: VUF in case of 5% of grid voltage unbalance [92].

VSM tq fsw tdfsw VUF (%)

(us) (kHz) (%) No Comp. With Comp.

3 10 3 4.84 4.13

Osaka 1.1 10 1.1 4.23 4.15

1.1 15 1.65 4.37 4.10

1.1 20 2.2 4.66 4.19

3 10 3 4.74 4.59

1.1 10 1.1 4.69 4.67

VISMA I 1.1 15 1.65 4.73 4.65

1.1 20 2.2 4.82 4.58

scenario, enabling dead-time compensation brings the injected current closer to the
theoretical values, underscoring the necessity of dead-time compensation to mitigate

these effects.

Furthermore, the VUF, defined in standard EN 50160, is calculated for the PCC
line-to-line voltage v, to quantify the presence of negative sequence components. When
VSM control is disabled, the VUF is measured at 5%. Table 4.6 compiles the VUF results
for all tests. It shows that compensating for dead-time and reducing the injected current

leads to a decrease in VUF, thereby enhancing the unbalance sink capability of VSMs.

These results emphasize the critical role of dead-time compensation in maintaining

VSM performance and improving grid stability under varying operating conditions [92].
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Table 4.7 Results of Test 5: current amplitude in case of 10% of grid voltage fifth harmonic
distortion [92].

—h
VSM td fsw tdfsw |li| (A)
(us) (kHz) (%) No Comp. With Comp. Theoretical
3 10 3 4.61 8.48
1.1 10 1.1 7.30 8.61
Osaka 15 165 6.83 8.60 8.86
1.1 20 2.2 6.39 8.68
3 10 3 1.73 2.66
1.1 10 1.1 2.66 3.02
VISMA II 1.1 15 1.65 2.55 2.98 2.80
1.1 20 2.2 2.46 3.01

Table 4.8 Results of Test 5: voltage amplitude in case of 10% of grid voltage fifth harmonic
distortion [92].

VSM td fsw tdfsw Wﬁ',lﬂ (V)

(us) (kHz) (%) No Comp. With Comp.

3 10 3 51.71 48.16

Osak 1.1 10 1.1 48.12 47.70

SaKa 15 165 47.87 47.10

1.1 20 2.2 48.35 47.00

3 10 3 55.63 53.74

1.1 10 1.1 53.84 53.70

VISMA IT 1.1 15 1.65 53.33 52.86

1.1 20 2.2 53.10 52.62
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Fig. 4.16 Results of Test 4, t4 = 1.1 ps, fs,w = 15 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b) [92].
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Fig. 4.17 Results of Test 4, 14 = 1.1 ps, fs = 20 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b) [92].
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4.5.7 Test 5: 10% of fifth harmonic distortion

The Test 5 results are presented in Fig. 4.18 and Table 4.7. Similar to the previous tests,
during the initial 100 ms interval, the dead-time is not compensated. In this period, the
current amplitudes show a lower value compared to the theoretical ones calculated by
(4.18): 4.61 A instead of 8.86 A for Osaka and 1.73 A instead of 2.80 A for VISMA II.
Subsequently, when the dead-time is compensated, the current peak values almost align
with the theoretical ones (Osaka 8.48 A and VISMA II 2.66 A, against 8.86 A and 2.80
A respectively).

Next, Test 5 is repeated with different dead-time values and switching frequencies,
as shown in Figs. 4.19, 4.20, and 4.21, and summarized in Table 4.7. As anticipated, a
decrease in the switching dead-time results in less reduction of current amplitude from
the ideal case. Conversely, without dead-time compensation, increasing the switching
frequency leads to a decrease in current amplitude. When the VSM control is disabled,
the DFT of the PCC line-to-line voltage v, indicates a fifth harmonic voltage amplitude
of approximately 56 V. The calculated fifth harmonic voltage amplitudes |fo,”| for all
testing conditions are detailed in Table 4.8. It is evident that compensating for dead-time
increases the harmonic current flow, thereby reducing fifth harmonic voltage distortion.
Thus, Test 5 underscores the effectiveness of dead-time compensation in enhancing
the harmonic sink capability of VSMs, demonstrating its critical role in maintaining

performance under varying operational conditions [92].

4.6 Conclusion & Main Contributions

Virtual Synchronous Machines (VSMs) represent a promising solution for enabling
renewable energy plants to provide grid services, particularly in terms of harmonic
and unbalance compensation. This chapter has introduced a method to foresee the
response of different VSM configurations, which was experimentally validated using five
distinct VSM models across various configurations. The theoretical analysis confirmed
the effectiveness and reliability of the simplified modeling approach in identifying which
VSM configurations can effectively compensate for harmonic and unbalance distortions,

thereby improving voltage quality at the Point of Common Coupling (PCC).

According to the analysis summarized in Table 4.9, VSM models that fully implement
virtual impedance (such as S-VSC and VISMA II) act as effective harmonic and unbalance

sinks, consistent with the theoretical predictions. These models operate akin to active
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Fig. 4.18 Results of Test 5, 5 = 3 ps, fyw = 10 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b). Mean DFT of the PCC measured line to line voltage for Osaka (c) and
VISMA I (d) [92].
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Fig. 4.19 Results of Test 5, 15 = 1.1 ps, fs = 10 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b). Mean DFT of the PCC measured line to line voltage for Osaka (c) and
VISMA II (d) [92].

filters, significantly enhancing PCC voltage quality. Even grid-forming VSMs without
virtual impedance (e.g., Osaka) demonstrate a positive impact on PCC voltage, although
their effectiveness depends on system-specific physical parameters (such as filter and grid

impedances).

The configurations with a complete impedance (i.e, A, B, and D) incorporate the
necessary features to ensure VSMs operate effectively as harmonic/unbalance sinks,
without constraints related to virtual parameter selection. In contrast, VSMs with
simplified implementation of the virtual impedance (e.g., KHI and Osaka II) may

either reduce or amplify the voltage harmonic content depending on parameter choices.
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Fig. 4.20 Results of Test 5, tg = 1.1 ps, fsw = 15 kHz. Grid measured current i, for Osaka (a)
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Fig. 4.21 Results of Test 5, tg = 1.1 ps, fs,w = 20 kHz. Grid measured current i, for Osaka (a)
and VISMA II (b). Mean DFT of the PCC measured line to line voltage for Osaka (c) and
VISMA 1I (d) [92].

Configuration C amplifies distortions as it fails to satisfy (4.20), whereas configuration
E decreases the fifth harmonic distortion, but increases PCC voltage unbalance due to

partial satisfaction of (4.20) only for fifth harmonic [73].

Furthermore, considering the effect of dead-time, experiments with Osaka and VISMA
IT models demonstrated significant discrepancies in current injection when dead-time
compensation was not applied. This limitation worsens the harmonic and unbalance sink
capabilities of VSMs. However, upon enabling dead-time compensation, experimental
results closely matched theoretical expectations, validating the effectiveness of the pro-

posed compensation method. Moreover, dead-time compensation reduced the VUF and
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Table 4.9 Harmonic and unbalance sink capability of the VSMs under study [73].

Harmonic and Unbalance
Sink Capability

Group Model

Tunable Harmonic Inverse Zy )
Sequence Constrain
A S-VSC v 4 4 4
B VISMA II (4 v v (4
C KHI 4 b 4 b 4 X
D Osaka b 4 v v -
E Osaka II v v b 4 X
P VISMA b 4 v v -
VSYNC b 4 b 4 b 4 -

fifth harmonic voltage amplitude compared to non-compensated scenarios, underscoring

its role in enhancing VSM capabilities.

Notably, the experiments confirmed that dead-time and its compensation did not
compromise VSM performance during normal grid operations (e.g., active power injection
and setpoint changes). This study conclusively demonstrates that dead-time compensation
is indispensable for ensuring robust harmonic and unbalance sink capabilities in grid-

forming VSMs while maintaining performance under varying operational conditions

[92].



Chapter 5

Grid-Forming S-VSC

5.1 Introduction

Previous papers demonstrated that the S-VSC model can provide inertial behavior, grid
support during faults and harmonic compensation in grid-following operation [81, 107].
However, it has never been examined whether the S-VSC can operate even in island-mode.
Therefore, this chapter proposes an extension of the S-VSC for the control of a microgrid
both in grid-connected and island-mode. The proposed S-VSC model is able to provide
all the aforementioned grid services, including the island capability, in a microgrid whose
block scheme is depicted in Fig. 5.1. The system under study consists of a three phase
inverter connected to the grid through an LCL filter. Moreover, three loads are connected
at the point of common coupling (PCC): a resistive load (R load), an induction machine
(IM) and a non-linear load (NL load). Then, a circuit breaker is located at the PCC
to the interface the microgrid to the main grid. If the circuit breaker is opened, the
microgrid is isolated from the rest of the power system. The inverter is supplied by an
ideal de-source (representing, e.g., a storage system) and it is controlled according to the
S-VSC control algorithm [64].

This chapter begins with a small-signal stability analysis of the control using eigenvalue-
based methods. Following this, experimental tests demonstrate that the S-VSC can
function both as a grid-following and as a grid-forming converter. The tests reveal that
the S-VSC can seamlessly transition from grid-connected to island operation if the circuit
breaker suddenly opens (Fig. 5.1) with no communication about the grid connection.

Moreover, the experimental tests show that the S-VSC can continue to operate in island
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Fig. 5.1 Block scheme of the microgrid under study [64].

mode even during a fault. During the fault, the current is saturated, and once the fault

is cleared, the system returns to normal operation.

Finally, the microgrid is modified by adding a second converter. One converter is
controlled as grid-following S-VSC and the second one as grid-forming. Experiments show
the smooth transition of the microgrid from the grid-connected to the island operation.
As soon as the system is islanded, the grid-forming S-VSC takes in charge of the power
required by the connected resistive load. The grid-following converter provides its inertial
contribution and then tracks the frequency of the grid-forming converter providing zero

power.

The findings of this chapter led to the publications of [108, 64]. The results of the
microgrid consisting of two converters are instead obtained as part of the co-supervised
Master’s Thesis [67].

5.2 High Level Control

The grid-forming capability of the S-VSC model is achieved by incorporating the High
Level control block, depicted in Fig. 5.2, into the original structure shown in Fig. 3.33.

Fig. 5.2 illustrates that the High Level control comprises two external control loops:
the former consists in the active droop control law, the latter consists in the reactive

droop control law [64].

The active droop control law proportionally regulates the frequency during both

grid-connected and island operation:

(5.1)
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Fig. 5.2 Block scheme of the inverter controlled according to the S-VSC model with the High
Level control [64].

where P, w; and b, are, respectively, the active power droop reference, the speed
reference and the active droop coefficient. b, is set by the user. In this case, it is set to
the conventional value of 2% [7, 64].

The second external controller employs a reactive droop control law for proportional

regulation of the voltage amplitude Vg in both grid-mode and island operation:

Q== (5.2)

where Q7 Vg and b, are, respectively, the reactive power droop reference, the voltage
reference and the reactive droop coefficient. b, is set by the user. In this case it is equal
to the conventional value of 50% [7, 64].

These two external loops have a dual purpose: 1) in grid-connected operation, the
S-VSC can execute the primary frequency and voltage regulation; 2) the High Level
Control enables the S-VSC model to operate as a grid-forming while maintaining superior
performance compared to conventional virtual synchronous generators [81]. According to
the switch K, in Fig. 5.2, the two references P}, and Q7 can be [64]:

o added to Pi.] and 0" to retrieve Py and Q. In this case, P = P’ and

e set

0; =0y,
« not used (i.e., the High Level control is disabled);

o added to Pﬁef and chf to retrieve P, and Qj. In this case, Ps; = ngf and
Oser = szf
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If the references P}, and Q are added to the inverter external references, the com-
pensator operation is preserved. In this thesis they are always applied to the inverter
external side. In grid-connected mode, the S-VSC functions as a grid-following converter,
exchanging power with the grid based to the references P, and Qj,;, while also providing
various grid services. Conversely, in island mode, the S-VSC works as a grid-forming

converter, supplying power as required by the loads [64].

5.3 State-space Modeling

First, the thesis investigates the small-signal stability of the control algorithm under
both grid-connected and islanded operation modes using an eigenvalue-based stability
analysis, similar to the approach found in references [109, 110]. The initial step involves
constructing the complete state-space model of the system illustrated in Figure 5.1. A
commonly adopted approach in the literature involves obtaining the state-space model
for each component of the system and subsequently applying the Component Connection
Method (CCM) [109-111]. This method involves integrating the state-space models of
individual subsystems to form the complete state-space representation of the total system
in a modular way. Each subsystem indexed by k is formulated in the state-space format
defined by equation (5.3):

dxy
— = A B

dr e 25 (5.3)
Vi = Cxy + Dyug

where the vectors xx, ug, and yy represent the state variables, inputs, and outputs of
the k-th subsystem, respectively. The matrices Ay, By, Cy, and Dy are the state-space

matrices for the subsystem. The system is composed of a total of n subsystems.

Next, the aggregated model is obtained by combining the subsystem matrices as

follows: p
X5
= A B
di Xs T Bu (5.4)
y = Cxg+Du
Xy = [xl...xn]T
= [u...Upsm]" (5.5)

= [y1-. Yol "
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Ay O 0
0 Ay 0

A = ) ) (5.6)
0 0 A,

number of algebraic
blocks inputs

—
B, 0 --- 0 0 0
0 B, 0 0 - 0 (5.7)
0 0 B, 0 0
¢, 0 - 0]
0 G, 0
C=1]0 0 Ca (5.8)
0 0
. number of algebraic
. blocks outputs
0 0
D; O 0
0 Dy --- 0
=|. . . : (5.9)
0 0 e Dn+m

where x5, u and y are, respectively, the aggregated state variables, inputs and outputs of
the system; the matrices A, B, C and D are the aggregated state-space matrices; m is
the number of algebraic blocks [110].

Next, the CCM can be applied. The aggregated matrices are connected through the

so-called interconnection matrices Lyy, Lys, Lsy and Lgs, as follows:

(5.10)

u = Lyyy+Lysus
Ys Lsyy + Lgsus

where ug and yg are, respectively, the inputs and the outputs of the overall system, while

Xs is the state variables vector of the system.



5.3 State-space Modeling 155

Finally, the state-space representation of the entire system is the following;:

dxg
= A B
d1 s ¥ Bslls (5.11)
ys = Csxs + Dsug
where:
Ay = A +BL,,WC
B = BLyyWDLyBLy
C, = L, WC (5.12)
Ds = LgWDLy + L
W =  (I-DLy) "

The components comprising the system under investigation include: High-Level
Control, S-VSC Control, Reference Calculation (comprising Power to Current block and
current reference calculation), Inverter, LCL Filter, Loads Block, and Grid. The S-VSC
control block is subdivided into two sub-blocks: Electrical Equations and Power Loops
(Mechanical Emulation and Excitation Control). The inverter block consists of the PI

current controller and the control delay [110].

All state-space models are linearized around an equilibrium point defined by the
desired power setpoint and initial conditions of the system to derive small-signal models.
These models are formulated in the (d, g) reference frame, rotating at the virtual speed
wy. The symbol "A" denotes the variation of a variable around its equilibrium point,
whereas the subscript "0" indicates the value of the quantity at the equilibrium point.
The grid voltage vector is aligned with the g-axis. The model is expressed in per unit,
with the base values listed in Table 5.1.

Detailed state-space models are provided in Appendix A.1, Component Connection
Method (CCM) for the three loads in Appendix A.2, CCM for grid-connected mode in
Appendix A.3, and CCM for island configuration in Appendix A.4 [64].

The validation of these state-space models is conducted through PLECS simulations
and experimental tests. Results from validation are presented in Fig. 5.3 for grid-
connected mode, where a 0.1 pu IM load step change is applied with the resistive load
connected and the NL load disconnected. Similarly, Fig. 5.4 shows results for island

operation, where the same load step change is applied with both resistive load and NL
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Fig. 5.3 Grid power variation to an IM load change in grid-connected operation [64].
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Fig. 5.4 Inverter power variation to an IM load change in island operation [64].

load connected. In both scenarios, the state-space models closely align with both the

simulation and experimental outcomes [64].

5.4 Eigenvalue-Based Stability Analysis

This section provides an eigenvalue-based stability analysis for both the grid-connected

and the island operations [64].

5.4.1 Grid-Connected Operation

The system in grid-connected operation has 25 eigenvalues, plotted on the complex plane
shown in Fig. 5.5. The system is linearized around the converter nominal power. A
modal analysis provides the relationship between the state variables and the eigenvalues,
by calculating the participation factors [7, 110]. The results of the modal analysis are
listed below:

o Eigenvalues 1 to 6: dynamic of the LCL filter. The loads are assumed ideal current

sources connected at the PCC. Consequently, a high-value shunt resistor R; is
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Fig. 5.5 Eigenvalues map of the system in grid-connected mode [64].

located at the PCC for the electrotechnical compatibility [109, 112]. The eigenvalues
1 and 2 depend on Rg;. However, it does not influence the stability of the stability,

as demonstrated in the literature, for instance in [109];

« Eigenvalues 7 to 10, 13 and 14: digital current control. Specifically, eigenvalues 7
and 8 are associated with the delay due to the digital control (i.e., sampling time),

while eigenvalues 9, 10, 13, and 14 are related to the integrators of the PI current

control;
o Eigenvalues 11 and 12: NL load;
» Eigenvalues 17 to 21: IM load;

« FEigenvalues 15, 16 and from 22 to 25: electromechanical part of the S-VSC (i.e.,

electrical equations, swing equation and excitation control).

Finally, the Short Circuit Ratio (SCR) is changed to study how different grid conditions
affect the control stability. As shown in Fig. 5.6, the eigenvalues move from left to right
on the half right complex plan by decreasing the SCR from the nominal value of 100 (stiff
grid condition) to 1 (very weak grid condition). It can be noted that all the eigenvalues
related to the grid inductance (i.e., LCL filter, electrical equation block, excitation

control) move from left to right. The conclusion is that the system tends to become
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Fig. 5.7 Eigenvalues map of the system in island mode [64].

unstable as the SCR decreases. However, the system remains stable even under very

weak grid conditions [64].
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5.4.2 Island Operation

The same procedure described in Section 5.4.1 is performed for the island operation. In
this example, the eigenvalues map is obtained with the R load inserted while the other
two loads are disconnected. The eigenvalue map is illustrated in Fig. 5.7. There is a
total of 22 eigenvalues, due to the absence of the grid. According to the modal analysis:

» Eigenvalues 1 to 6: LCL filter;

o Eigenvalues 7, 8, 12 and 13: digital current control. In particular, eigenvalues 7
and 8 are linked to the delay due to the digital control, while 12 and 13 relate to

the integrators of the PI current regulator;
« Eigenvalues 9 and 16: NL load;
o Eigenvalues 14, 15, 17-19: IM load,;

o Eigenvalues 10, 11, 20-22: S-VSC electromechanical part.

To validate the accuracy of modeling procedure, the bandwidth fp,, of the PI current

regulator is systematically reduced from its nominal value of 500 Hz until a condition



160 Grid-Forming S-VSC

= 1 * ~ i

2 o5t \

S~ 0 | | |

0 5 10 5 20 2 30
\ t (s)

2.96 s (0.34 Hz)
_1.01F T T T
“~ 0.99 i i | A 1

0 1 2786 4 5.746 T 9
t (s)

Fig. 5.9 Instability test to validate the state-space modeling and the eigenvalue analysis. The
oscillation frequency is in compliance with the theoretical analysis [64].

of instability is observed. As previously noted, the eigenvalues associated with the
integrators of the PI current regulator are at 12 and 13. Figure 5.8 demonstrates that
instability occurs when the bandwidth is reduced to 30 Hz, causing eigenvalues 12 and
13 to transition into the right half-plane. Modal analysis indicates that at this point,
the frequency of eigenvalues 12 and 13 is 0.34 Hz, suggesting an expected divergence

frequency of 0.34 Hz for the system.
This prediction is corroborated by a PLECS simulation, depicted in Figure 5.9,

where oscillations occur with a period of 2.96 s, closely matching the calculated 0.34 Hz
frequency. This successful validation supports the reliability of the state-space modeling

approach and the eigenvalue-based stability analysis [64].

5.5 Experimental Validation

Five experimental tests are proposed in this section to validate the grid-forming capability
of the S-VSC under different cases. The experimental setup is depicted in Fig. 5.10. The
main data are collected in Table 5.1. The scheme of the system is the one shown in
Fig. 5.1 [64].

The inverter, powered by a 15 kW dc-source, is controlled via a dSPACE platform.
It is linked to the Point of Common Coupling (PCC) through its LCL filter. A circuit
breaker is located at the PCC to the connect the converter with the grid, as illustrated in
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Table 5.1 Main data of the experimental setup [64].

Base Values Inverter LCL Filter & Grid
Sp 15 kVA Sy 15 kVA Ly 0.060 pu
Ve  230V2V Iy 30 A Ry 0.006 pu
Ip 30 A Sfow 10 kHz Cy 0.017 pu
Z, 10.67 Q Vie 650 V Lye 0.065 pu
fo 50 Hz Ryg 0.01 pu
®p 21 fp L, 0.001 pu

R, 0.00001 pu
Resistive Load Induction Machine Non-linear Load
Py 0.1 pu Sy 0.27 pu Py 0.1 pu
S-VSC Parameters
R, 0.02 pu L, 0.2 pu H 4s
Ly, 0.71 pu R, 0.01 pu Te 0.1s

Figures 5.1 and 5.10b. Importantly, there is no communication interface to connect the
breaker and the converter, meaning the converter operates independently of the status of
the breaker.

Three distinct loads are installed at the PCC to accommodate various load types: a
resistive load (R load), an induction motor (IM) load, and a non-linear load (NL load).
These loads can be connected or disconnected manually using breakers. To manage
inrush current during IM startup, a starter limits the maximum slew rate of the supply

voltage. Additionally, the IM is coupled with a programmable load.

The NL load consists of a three-phase diode rectifier interfaced to the grid through a
0.09 pu inductive filter (Ls 1), as depicted in Figure 5.11. On the dc-side, the rectifier
is linked to a 3.3 mF capacitor bank (Cge 1) in parallel with a constant current load
I10aq = 0.1 pu (ITECH IT 8332 dc electronic load). Capacitor pre-charging is facilitated

by a soft-start resistor R, nr.

Five experimental tests have been performed, as follows [64]:

o Test 1: effect of the High Level control. The system is in grid-mode operation.
Then, the circuit breaker is opened while only the R load is connected. The test is

conducted twice under the following conditions:

— The High-Level control is disabled, resulting in system collapse due to the

lack of frequency and voltage control;
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Fig. 5.10 Experimental setup pictures [64].

— The High-Level control is enabled, allowing the S-VSC to provide the power

requested by the load and control the microgrid frequency and voltage.

This test demonstrates the necessity of the High-Level control for enabling the

S-VSC to function in a grid-forming configuration.
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Fig. 5.11 Scheme of the NL load [64].

o Test 2: inverter external power references set to 0 pu. While connected to the
grid, the inverter’s role is limited to providing ancillary services, with the grid
supplying power to the loads. Upon islanding the microgrid (i.e., opening the
circuit breaker), the inverter promptly takes over to supply power to the loads and

adjusts to changes in load demand without requiring island detection;

o Test 3: non-zero inverter external references (e.g., emulating renewable plant
generation). Test 2 is conducted again with a non constant active power reference
Pre f

se; » Which varies over time to simulate the fluctuating production of a PV or wind

source. Similar to the previous test scenario, when the microgrid transitions to
islanded mode by opening the circuit breaker, the inverter must promptly supply
the power demanded by the loads and adapt to changes in load requirements

seamlessly, without relying on islanding detection mechanisms;

o Test 4: fault occurrence during island-mode. The inverter operates in grid-forming
mode, providing power to the R load, the IM load, and a programmable load set to
an apparent power of 0.2 pu. Subsequently, the programmable load is set to a low
impedance to simulate a symmetric three-phase fault. Approximately 1.6 s later,
the fault is cleared by disconnecting the programmable load, restoring the normal

operation of the system;

o Test 5: a microgrid consisting of two converters connected to the grid is suddenly
islanded. In this case, there is only the resistive load. The scheme of the system
is illustrated in Fig. 5.23. One converter is controlled according to the proposed
grid-forming S-VSC, while the other one operates as a grid-following. Even in
this multi-converters microgrid, the proposed solution seamlessly moves from the

grid-connected to the island mode supplying the connected loads.

In all tests, the speed reference w? is set to the S-VSC frequency value (pu) following
the inverter synchronization procedure, which corresponds to the grid frequency value
at that moment. Similarly, the voltage reference \75 is adjusted to match the measured

voltage amplitude Vg obtained at the conclusion of the synchronization process [64].
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Fig. 5.12 Grid synchronization and current control enable. From top to bottom: three phase
inverter current i; (A); S-VSC frequency f (Hz) [64].

5.5.1 Test 1: Effect of the High Level control

Test 1 begins in grid-connected mode with the R load connected. Figure 5.12 illustrates
the synchronization phase of the S-VSC from -0.2 s to 0 s. Once the S-VSC achieves
synchronization with the real grid frequency, PWM modulation and current control are
activated at t = 0 s. This synchronization phase operates independently of the High-Level

control.

Subsequently, Test 1 is initiated, and the outcomes are depicted in Figure 5.13. At ¢t =
0 s, the circuit breaker is opened to assess the impact of the High-Level control. Without
the High-Level control engaged, the S-VSC begins supplying power to meet the demands
of the R load. However, the absence of frequency and voltage control loops results in a
deterioration of both frequency and voltage levels, as shown in Figure 5.13. The test is
conducted using two different values of the inertia constant H to emphasize the influence
of virtual inertia on the rate of frequency decline. It is observed that higher inertia leads

to a slower frequency decline, akin to behavior seen in traditional synchronous machines.

Conversely, when the High-Level control is activated, the S-VSC operates as a grid-
forming converter by actively controlling frequency and voltage while fulfilling the power
requirements of the R load, as demonstrated under identical test conditions in Figure
5.13 [64].

5.5.2 Test 2: Zero inverter external references

The results from Test 2 are depicted in Fig. 5.14, with a summary of key events shown in

Fig. 5.16. Test 2 is structured into two phases: grid-mode and island operation. Initially,
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Fig. 5.13 Island operation with and without the High Level control (HL) for different values
of H (s). From top to bottom: inverter current amplitude I; (pu); S-VSC frequency f (Hz);
measured voltage amplitude V, (pu) [64].

in the grid-mode phase, the circuit breaker closes and the three loads are sequentially
connected, each satisfying their demand from the grid. The introduction of the IM
load at ¢t = 23.3 s mirrors the step change illustrated in Fig. 5.3. Moving to the second
phase at t = 42.53 s, the circuit breaker suddenly opens without prior notification to
the control system. Despite this, the S-VSC smoothly delivers the required power to
the loads without necessitating any communication, as evidenced in Fig. 5.15. As the
capacitor voltage decreases during the transition from grid-mode to island operation,
the total load power also diminishes accordingly. Subsequently, the converter accurately
tracks the load variations over time. The insertion of the IM load at r = 110.6 s aligns

with the step change depicted in Fig. 5.4.

Additionally, Fig. 5.17 displays the measured line-to-line voltage vg 45 and current
i g0 during island operation under two distinct conditions: with all loads connected
(Fig. 5.17a) and with the non-linear load (NL) disconnected (Fig. 5.17b). Notably, the NL
load, which includes a diode rectifier, introduces significant harmonic distortion evident
in the first case (Fig. 5.17a), where the Total Harmonic Distortion (THD) of the current
is 7.70% and the THD of the voltage is 3.53%. The primary contributors to distortion are
observed at the 5th, 7th, 11th, and 13th harmonic orders. Conversely, in the second case
(Fig. 5.17b), THDs decrease to 2.80% for current and 1.44% for voltage. Finally, Fig. 5.17
underscores a significant feature of the S-VSC model: it regulates current rather than
voltage, particularly noticeable in island operation where load current heavily influences

voltage distortion [64].
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grid power P, (pu) moving average trends [64].

5.5.3 Test 3: Non-zero inverter external references

The findings from Test 3 are compiled in Fig. 5.18, with detailed annotations of key
events provided in Fig. 5.20. Similar to Test 2, Test 3 is structured into two distinct

phases: grid-connected and island operation.

In the grid-connected phase, the external reference szf for the inverter varies over

time. Loads are sequentially connected, and their power demands are met either by the
grid alone or jointly by the grid and the inverter, depending on availability. For example,
at t = 33.7 s, the inverter supplies a portion of the load power while the remainder is
sourced from the grid. Conversely, by t = 49 s, the entire load demand is satisfied by

the inverter alone. At r = 58.44 s, the circuit breaker opens, prompting the inverter
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Time (s)

Comment

0
4.7
17.5

24
29.2
30.6
36.7

42.53

49.2

62.2

70

74
84.5
85.8
90.6
103.8
110.6
114.3

f#50Hz= P, #0= P; #0.
R Load insertion = AP, = 0.1 pu.

IM start up. The starter limits the inrush current.
10 Nm IM load insertion = APg = 0.1 pu.
NL load precharge.

Bypass of the soft—start NL load resistance.
NL load insertion = AP, = 0.1 pu.

The circuit breaker is opened: Islanding =
= Py =0pu, AP; =0.3 pu:
the inverter immediately supplies the loads.
NL load disconnection = AP; = —0.1 pu.
IM torque reversal from 10 Nm to -10 Nm =
= AP; =-0.2 pu:
the IM works as a generator and
provides almost all the R load power.

IM torque load = 0 Nm = AP; = 0.1 pu:
the inverter provides the power requested by the loads.
IM disconnection.

NL load precharge.

Bypass of the soft—start NL load resistance.
NL load insertion = AP; = 0.1 pu.

IM start up. The starter limits the inrush current.
10 Nm IM load insertion = AP; = 0.1 pu.
IM torque load = 0 Nm = AP; = -0.1 pu.

Fig. 5.16 Events list of Test 2 [64].
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Fig. 5.17 Line to line voltage vg 4» and current iy, , waveforms in island mode: (a) with all
loads connected; (b) without the NL load [64].
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Fig. 5.18 Results of Test 3: (top) inverter power P; (pu) and grid power P, (pu) moving average
trends; (bottom) S-VSC frequency f (Hz) and voltage amplitude Vy (pu) trends [64].

to autonomously reduce its injected power, like curtailment operations, even without

an external reference change. Under such circumstances, the converter only injects the



5.5 Experimental Validation 169

-0.2 L - -
58.3 58.44 58.6 58.7 58.8

t(s)

Fig. 5.19 Test 3: transition from the grid-connected to the island operation. Inverter power P;
(pu) and grid power P, (pu) moving average trends [64].

Time (s) Comment
0 P“7 = 0.2 pu. The inverter injects power into the grid.
f#50Hz= Py #0= Pr=Py+ P/
R Load insertion = AP, = 0.1 pu.
6.9 The inverter satisfies the R load request and
the remaing power is injected into the grid.
175 IM start up. The starter limits the inrush current.
10 Nm IM load insertion = APg = 0.1 pu.
233 The inverter provides part of the loads power.
The remaing contribution is guaranteed by the grid.
269 NL load precharge.
283 Bypass of the soft-start NL load resistance.
NL load insertion = APg = 0.1 pu.
337 The inverter and the grid almost equally provide
the loads power.
394 Inverter reference step AP:' “f = _p.1 pu =
’ = APg =0.1 pu.
44.5 Inverter reference step AP; °f —0.1 pu =
’ = AP =-0.1 pu.
46.9 Inverter reference step AP:"f =0.1 pu =
’ = AP =-0.1 pu.
Inverter reference step AP; f —0.1 pu =
49 = APy =-0.1 pu.
The inverter provides all the power requested by the loads
and the remaining term is injected into the grid.
512 Inverter reference step AP:"f =0.1 pu =
’ = APg =—0.1 pu.
5844 The circuit breaker is opened: Islanding = Pg = 0 pu.

The inverter immediately provides only the loads power.
66.7 NL load disconnection = AP; = 0.1 pu.
IM torque reversal from 10 Nm to -10 Nm =

= AP; =-0.2 pu:

716 the IM works as a generator and
provides almost all the R load power.
85.9 IM torque load = 0 Nm = AP; =0.1 pu:

The inverter provides the power requested by the loads.

Fig. 5.20 Events list of Test 3 [64].
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Fig. 5.21 Results of Test 4. C1, C2 and C3 are the line-to-line three phase voltages v ;. C4 is
the R load current ig 4, C5 is the inverter current i; ,, C6 is the IM current ijp , and C7 is
the fault current ir ,. The RMS values are calculated in the time range from 200 ms to 1.6 s.
From top to bottom: (a) entire fault; (b) zoom at the beginning of the fault [64].

power required by the loads. If a storage system were integrated, any surplus power
could potentially be used for charging. Importantly, there is no communication between
the converter and the grid in these scenarios, yet the converter seamlessly meets the load
power requirements, as depicted in Fig. 5.19. Lastly, as for Test 2, the converter adapts
to changes in load demands throughout the test period [64].
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& 0.65 |

Fig. 5.22 Results of Test 4. From top to bottom: inverter current amplitude I; (pu); S-VSC
frequency f (Hz); measured voltage amplitude V, (pu) [64].

5.5.4 Test 4: Fault occurrence in island operation

The findings from Test 4 are depicted in Figures 5.21 and 5.22. At t = 0 s, a fault occurs,
resulting in a voltage dip of approximately 0.35 pu. Throughout the fault duration,
the inverter remains operational without tripping, continuing to supply power to the
loads. The frequency decreases, whereas the inverter current saturates at the user-defined
limit of 0.8 pu. Upon clearing of the fault, both the frequency and voltage return to
their normal operating conditions, and the inverter resumes supplying power to the
loads. This test serves to validate the robustness of the proposed solution against faults,
demonstrating that the microgrid remains stable throughout the fault event. Once the
fault is resolved, the S-VSC promptly restores the microgrid to its pre-fault operational
state [64].

5.5.5 Test 5: Parallel Operation of two VSMs

As a final test, the grid-forming S-VSC control algorithm is tested in the microgrid
schematized in Fig. 5.23. The microgrid consists of two converters (named G1 and G2),
supplied by the same dc-source and connected in parallel to the grid at the PCC through
their own LCL filter. At the PCC there is also a resistive load. A transformer is also
interposed between the PCC and the grid. The test consists of controlling the converter
G1 with the proposed grid-forming S-VSC control algorithm, while the converter G2 is
controlled according to the original S-VSC control (i.e., grid-following). The results of
the tests are illustrated in Fig. 5.24. At the beginning of the test, the two converters are
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connected to the grid and the resistive load is supplied by the grid. Next, at t = 0 s, the
system is islanded as in the previous tests. As for Test 2 and Test 3, the G1 converter
operates as a grid-forming providing the power required by the resistive load. On the
opposite, G2 is a grid-following that instantly provides inertial power and in steady-state
operates at zero power. This test demonstrates the S-VSC is valid solution also for the

control of multi converters systems both connected to the grid and islanded [67].

G2

208V 120V

2mH 3.3 mH0.3 mH
(?mov

;5 uF
650 V
G1

< 2mH33mH 6mH2Q

W

110Q

Fig. 5.23 Scheme of the microgrid for Test 5 [67].

5.6 Conclusion & Main Contributions

This chapter introduces the extended version of the S-VSC model, capable of operating
in both grid-following and grid-forming modes, maintaining the performance of the
compensator as described in prior studies. The eigenvalues stability analysis theoretically
confirms the stability of this solution in both grid-connected and islanded configurations.
Experimental validation on a microgrid, encompassing various load types (including
passive linear, non-linear, and active loads such as line-fed motors), corroborates these
findings. Upon islanding, the S-VSC seamlessly supplies the required load power,

underscoring its efficacy in controlling inverter-based microgrids [64].

Furthermore, the results demonstrate the S-VSC’s ability to transition from grid-
connected to islanded operation without requiring communication between the grid and
the converter. Experimental tests also illustrate the S-VSC capability to operate in island
mode even during fault conditions, showing the robustness of the microgrid under the

proposed control scheme [64].

Additionally, the control algorithm is validated in a microgrid comprising two
VSMs—one acting as grid-forming and the other as grid-following—further validat-
ing the effectiveness of the proposed approach. Future work will focus on incorporating

grid connection status feedback into the inverter control, enabling: 1) re-synchronization
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with the grid post-islanding, and 2) integration of secondary frequency and voltage

control during islanded operation [67].
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Fig. 5.24 Results of Test 5. From top to bottom: G1 and G2 frequency (Hz); G1 and G2
peak voltage measured at the filter capacitors (pu); G1 and G2 measured reactive power (pu);
G1 and G2 measured active power (pu); G1 and G2 inverter currents in the (d, g) rotating
reference frame [67].



Chapter 6

Robust Stability Analysis of the
S-VSC

6.1 Introduction

Plant uncertainties (e.g. inaccurate estimation of grid impedance), grid reconfigurations
and interactions with converters from neighbouring power plants can affect the grid-
connected converters stability. To address these challenges, recent studies have focused
on the robust stability analysis of grid-tied converters under specified uncertainties
using p-analysis [41, 74]. In existing literature, the p-analysis has predominantly been
performed to VSMs operating as VSGs. However, a VSM can operate as a Virtual
Synchronous Compensator (VSC) as well, as described in Chapter 3. The VSC operates
at a minimal load angle, demonstrating superior performance in transient stability and
damping compared to VSGs, as demonstrated in [25]. Nevertheless, the robustness

differences between VSCs and VSGs have not been thoroughly explored in literature.

As a primary contribution, this chapter proposes the robust stability analysis of the
S-VSC [25], which is able to operate both as VSC and VSG. Nevertheless the findings
are applicable to any VSM operating in both VSG and VSC modes. The theoretical
findings from the p-analysis indicate that a VSM operating as a virtual compensator
exhibits greater robustness compared to when operating in VSG mode. Specifically, in the
identical nominal conditions, a converter operating as a VSC remains stable over a wider
range of uncertainties. This advantage holds true for both stiff and weak grid conditions,
thereby enhancing the robust stability of grid-tied converters over the conventional VSG

approach.
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Table 6.1 Experimental setup 1 parameters.

Inverter Base Values
Sy 4kVA S, 4kVA o, 314rad/s
Iy 10A V, 1202V L, 344mH
fsw 10kHz Z, 108Q C, 0.3mF
VSM LCL Filter Grid

)

R, 002pu Ly 5mH E, 1202V
L, 02pu Cy L5uF L, 25mH
H 4s Ly 05mH R, 05Q

Table 6.2 Simulation parameters.

Inverter Base Values
Sy 100 kVA S, 100 kVA o, 314 rad/s
Iy 205A 'V, 230V2V L, 51mH
fsw 10kHz  Z, 1.6 Q Cp 2 mF
VSM LCL Filter Grid

R, 002pu Ly 005pu E, 230V2V
L, 02pu Cy 003pu Lg 0.05pu
H 4s Ly; 002pu R, 0.005pu

As a secondary contribution, this thesis introduces a novel experimental validation
method for the outcomes derived from p-analysis, a novelty in the literature. This
experimental approach aims to empirically confirm the theoretical robustness advantages
of operating as a VSC rather than a VSG.

As a third contribution, the same analysis is repeated for a grid-tied converter
operating in parallel to a grid-forming converter. The grid-forming converter is controlled
according to the Synchronverter algorithm [46]. The grid-tied converter can operate
as both VSG and VSC. Even in this case, the theoretical and experimental results
demonstrate that the VSC enhances the robustness of the system under the same
operating conditions. Therefore, the VSC approach represents a more robust solution
for controlling grid-tied converters, whether operating alone or in parallel with other

converters.

Some of the findings and the results collected in this chapter led to the publication of
[113).
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Fig. 6.1 Scheme of the system under study [114].
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Fig. 6.2 Block scheme of the nominal system under study [114].
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6.2 Robust Stability Analysis

6.2.1 System under analysis

The goal of robust stability analysis is to assess the stability of a set of systems that
deviate from a designated reference system due to specified uncertainties. The initial step
in conducting this analysis involves constructing a system model depicted in Fig. 6.1. In
this thesis, the model of the system is built in the Laplace domain and linearized around
a desired equilibrium point (such as the nominal working condition), and expressed in
per unit (pu) values. Moreover, it is formulated in the (d, g) reference frame rotating at

®,. The schematic diagram of the system, as shown in Fig. 6.2, includes the subsystems
listed below [114]:

o Controller C represents the state-space model of the converter controlled using the
VSM algorithm. The model is created by incorporating all the blocks shown in

Fig. 3.34 and Fig. 3.35 (pay attention to the control block highlighted in orange).
The block C' features the following inputs and outputs:

uc = [Aiig, Niig, Avga, Aveg, AP*, AQ*, Awyg | (6.1)
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ye = [Aeia, Aeig, A(Dr]T (6.2)

where e; is the inverter output voltage (assumed equal to the voltage reference v*

for the modeling), #; is the inverter current and g is the frequency of the grid.

The state-space matrices are collected in Appendix A. [64];

LCL represents the state-space model of the LCL filter. It receives the following

inputs and generates the following outputs:
. . T
ULcrL = [Ae,-d, Ae,-q, Algd, Algq, A(x)r] (6.3)

. . T
YicL = [Alid, Aliq, Ang, Ang, AVpccd» Avpccq] (64)
where i, is the grid current and v, is the PCC voltage.

The LCL filter features an auxiliary shunt resistance R,,, connected at the PCC
[115, 64]. Such resistance is necessary to make the LCL block able to provide the
PCC voltage vp¢c as output and to receive the grid current i, as input. This is the
needed structure to properly connect the LCL block to the Grid block described in
the following. Note that R, does not alter the dynamic response of the overall
system and it is set to 10* pu [64, 115]. The detailed state-space model of the LOL
block can be retrieved from [64]. The PCC voltage v, is computed as the voltage

drop on Ry, as follows:
Vpee = Raux(ifg - ig) (6'5)

Grid represents the state-space model of the grid, which is modeled as a grid

admittance. All the matrices of this subsystem are provided here:

dXGrid
TH AgriaXgrid + Bariduarid (6.6)
yYeria = CgriaXgrid + Dariaucrid
. . 1T
XGrid = [Aiga, Aigg] (6.7)
T
UGrid = [Avpccd’ Avpccqa Aegda Aegq] (68)
. . 1T
Yarid = |Aiga, Aigy ] (6.9)
R
_L_g [
AGria=wp | ¢ R, |’ Ceria = I* (6.10)

Ly
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10 -1 0
01 0 -1

0
Bgria = —

. Daria = [0]* (6.11)
L,

where eg, L, and Ry are the grid voltage, the grid inductance and the grid resistance,

respectively. m,, is the virtual speed at the linearized equilibrium point.

The comprehensive state-space model of the system under investigation can be derived
using the Component Connection Method (CCM) [109-111]. This approach, widely used
in the literature, involves integrating the individual state-space models of each subsystem

into a unified representation of the overall system in a modular form [114].

6.2.2 Nominal Plant and Uncertainty Function

The second step involves identifying a nominal plant, Py, and a set of uncertain plants,
IT,. System uncertainty can be modeled in various ways, such as parametric, additive,
or multiplicative [116, 117]. In this thesis, the uncertainty is modeled multiplicatively as
described in [41, 114]:

I, = I+W)P, (6.12)

where I is the identity matrix, W is a frequency-dependent uncertainty matrix, and Il

is a set of plants that deviate from the nominal plant due to the given uncertainty W.

The chosen nominal plant Py, corresponds to the grid model of (6.6). Thus, in the
context of the schematic shown in Fig. 6.2, the Grid block introduces a certain level of
uncertainty. Conversely, both the Controller (C') and the LCL filter (LCL) are considered
known and are unaffected by any uncertainties. In the case of grid-connected converters,
uncertainties typically arise from factors like grid impedance estimation errors, system

reconfigurations, and interactions with other converters connected to the grid [74].

To account for these uncertainties, the uncertainty function W, is constructed by
incorporating the following specific uncertainties: a 20% variation in the Short Circuit
Ratio (SCR), a 33% variation of the X/R ratio (i.e., the ratio between the grid reactance

and the grid resistance), and resonant high-frequency effects as discussed in [74].

As stated in the previous subsection, the system is modeled in the (d, g) rotating
reference frame. The Bode diagram of the nominal plant P, either on the d-axis or g-axis
is depicted in blue in Fig. 6.3. It represents an ideal resistive-inductive admittance. The
same figure proposes the Bode diagrams by adding the sources of uncertainty: different
SCR in red (Pyscr), different X/R ratio in green (P, xg), high frequency effects in
magenta (P, pr) [74]. Next, for the i-th element of uncertainty, the i-th uncertainty
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Fig. 6.3 Bode diagram of the nominal plant P,, and the uncertain plants.

function W, ; can be computed as follows [74]:

(6.13)

where P, ; is the i-th uncertain plant.

The Bode diagrams of the i-th uncertainty functions W, ; are depicted in Fig. 6.4 in
red, green and magenta, respectively for the different SCR, the different X/R ration and
the high frequency effects. Finally, the overall function W, is built as an envelope of all
of the i-th terms as demonstrated in [74]. Its Bode diagram is illustrated in Fig. 6.4 as

well. The uncertainty matrix W can ultimately be constructed as follows:

_|(Wa O
W= [ 0 Wq] (6.14)

where W; and W, are respectively the uncertainty function on the d-axis and the
uncertainty function on the g-axis. Additionally, W; = W, = W,,. The uncertain plants

contained in the set IT, are derived from all the uncertainties encompassed by W, [114].

6.2.3 Perturbation Matrix and MA structure

The third step of the p-analysis involves defining a set of perturbed uncertain plants, II,
as follows:

I, = (I+ WA)P, (6.15)
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Fig. 6.4 Bode diagram of the uncertainty function W, with its single terms [114].
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Fig. 6.5 Overall block scheme of the system needed to execute the p-analysis [114].

where A is the perturbation matrix.

The perturbation matrix A is the unknown variable that is affected by the minimiza-
tion problem on which the p-analysis is based. With no constraints, it is a generic matrix,
i.e., it can be real or complex, diagonal or full, structured or unstructured [116, 117].
It is possible to impose constraints on the perturbation matrix through the variable
BlkStruct. This variable defines the constraints of the p-analysis solutions. For example,
the matrix can be forced to be real and diagonal. This way, the analysis will provide
a solution withing the imposed constraints. Note that the perturbed uncertain plants
II, of (6.15) are retrieved by perturbing the nominal plant P, with a perturbation A,
weighted through the uncertainty matrix W. In other words, the uncertainty matrix W

behaves as a weight of the perturbation at each frequency.
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Fig. 6.6 Structure steps for the p-analysis: (a) CGA; (b) NA; (c) MA [114].

Subsequently, to construct the final state-space model, the uncertainty block denoted
as W and the perturbation block represented by A are inserted into the schematic
shown in Fig. 6.2. This results in the revised schematic shown in Fig. 6.5, where the
uncertainty block incorporates the uncertainty matrix W, and the perturbation block
contains the perturbation matrix A. The CCM enables a more compact representation of
the scheme, which consists of three blocks: the generalized plant G, the controller C and
the perturbation block A. As highlighted in dark blue in Fig. 6.5, the generalized plant
G is the portion of the system which gathers the known part of the system (i.e., LCL
block), the nominal plant (i.e., Grid) and the uncertainty block W. Therefore, it merges

each block of the system which is not related to the control and the perturbation matrix.

A simpler representation is illustrated in Fig. 6.6a with the name of CGA structure.
This is the first milestone of the procedure to perform the p-analysis. Next, the CGA
structure is simplified to the NA structure, as illustrated in Fig. 6.6b, using the linear
fractional transformation (LFT) [116, 117]. Through this operation, the generalized plant
G and the controller C are merged into the N block. Finally, the M block is retrieved by
taking into account only the inputs and outputs of the N block related to A. The MA
structure of Fig. 6.6¢ is thus obtained. The MA structure is the system on which apply
the p-analysis. The M block contains the state-space model of the entire system, only
considering the inputs coming from the perturbation block A and the outputs which are
perturbed by A [114].

6.2.4 Theory of the p-analysis

The structured singular value (commonly denoted as SSV or p) is a mathematical concept
established to derive necessary and sufficient conditions for robust stability [117]. The
definition of p is closely linked to the theorem detailed below [117, 114]:
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Theorem 1 (Determinant stability condition) Assume that the nominal system
M(s) and the perturbations A(s) are stable. [...] Then, the MA structure of Fig. 6.6¢ is

stable for all allowed perturbations (we have robust stability) if and only if

det[I - MA(jw)] # 0, VYo, VA such that ||A]]e < 1 (6.16)

The comprehensive theorem and its proof are detailed in [117]. In (6.16), ||A]|w
denotes the Hy norm of A. Starting from (6.16), p-analysis involves determining, at each
frequency o, the smallest matrix Ay, (ie., A with the smallest maximum singular value
o) that renders the matrix I - MA(jo) singular (i.e., makes its determinant zero). The
maximum singular value G is equal to ||A||e. Consequently, p is defined as the reciprocal

of 6. Mathematically, this can be expressed as:

1

A
H(M) = min{5(A) | det(I- MA) = 0}

(6.17)

where p is defined as p = 1/6(A) at each frequency.

Eq. (6.17) is strictly applicable for structured A (not full matrices). However, (6.17)
can be generalized to the unstructured case (full matrix) as demonstrated in [117].
Finally, the perturbation matrix A can be normalized such that 6(A) < 1. Applying the
p-analysis yields the following result [114]:

 For each frequency, the determinant of (6.17) may become zero for various values
of A. Among these potential solutions, ensuring robust stability involves selecting
the smallest matrix Api,. This matrix determines, at each frequency, the minimal
condition that induces system instability, quantified by the magnitude of its maxi-
mum singular value 6. Thus, the p-analysis functions as a minimization problem,

aiming to identify the smallest A, at each analyzed frequencys;

o As (6.17) is evaluated at every frequency within the specified range, Apyin varies
with frequency. Among all the Ay, matrices computed at each frequency wy, there

exists a frequency wy such that:

||Amin(jc‘)k)||00 < ||Amin(jc‘)h)||oo ) Vh+#k
Apin(jor) = AMin (6.18)
Hmax = H(0k) = 1/6(AMin)
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According to (6.18), Apiy is the smallest perturbation matrix across the entire
frequency range, and 4, is the peak value of p over this range, both evaluated
at frequency wy. Therefore, Apy, represents the minimal perturbation required to
render the system unstable. Indeed, based on (6.17), there is no smaller matrix A
that can nullify the determinant (i.e., induce instability in the system). Moreover,
the system will diverge at frequency wg. Consequently, p,qx serves as an index of

robustness because it allows to identify [114]:
- The smallest perturbation matrix Ay, that induces instability in the system
at the specific frequency wg;
- The frequency w; at which the smallest unstable system oscillates;

- The collection of perturbed stable plants within the specified uncertainty set.

o The set of stable perturbed plants II, s is defined by all matrices A satisfying
6(A) < 1/pmax;

» The set of unstable perturbed plants II, , consists of all matrices A where 6(A) >
1/Wnax and det(I — MA) = 0.

In summary, depending on the value of 4y, the following conditions apply [114]:

o If puar = 1, all the plants in the set of uncertainty I, are stable;

o If puar > 1, not all plants in the uncertainty set I, are stable; only plants in the
set Il are stable. Thus, a higher . results in a smaller set of stable plants

given the uncertainties;

o If ppar < 1, all plants in the uncertainty set II, are stable. Furthermore, even

perturbed plants where 1 < 6(A) < 1/puqr remain stable.

Therefore, p,qy indicates the size of the set of stable plants under the given uncertainty.
Specifically, a lower p,, corresponds to a larger set of stable plants. In essence, pyax

quantifies the system robustness as a larger set of stable plants indicates greater robustness
[114].
6.2.5 Physical meaning of the p-analysis

Initially, the p-analysis is conducted in a simplified scenario to elucidate its physical

significance. This and all the following results of the p-analysis are retrieved through a
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Fig. 6.7 Step-by-step flow chart to perform the p-analysis.

MATLARB script. All the steps needed to perform the analysis are summarized in the
flow chart of Fig. 6.7. To simplify, the sole source of uncertainty is the Short Circuit
Ratio (SCR). Assuming a 20% uncertainty in the SCR, the uncertainty matrix Wgcgr

can be expressed as:

10
Wscr = Wscr 01 = wscrI*? (6.19)

where wgcg = 0.25 across the entire frequency range, as depicted in Fig. 6.4 [114].

Therefore, a set of uncertain plants can be defined as follows:

IIyscr = (I+ Wscr)Py = (1 + wscr) Py (6.20)
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Then, the set of perturbed uncertain plants is established as follows:

pscr = (I+ WscrA)Py (6.21)

As the uncertainty is applied only on the SCR, it means that all the reasonable
pertubed plants differ from the nominal one for a real multiplicative coefficient of the grid
admittance. Therefore, the perturbation matrix can be forced to be real and diagonal
(i.e., perturbations are not cross-coupled). Moreover, the elements of A are forced to
be equal, as there is no reason to consider solutions with different perturbations for
the d and g axes. All these constraints are forced on MATLAB through the variable
BlkStruct. The p-analysis is conducted using the parameters detailed in Table 6.1 and
with an inverter active power injection of P; = 0.2 pu. These parameters correspond
to those utilized in the experimental setup. As soon as the system is arranged in the
MA structure, the p-analysis is performed through the command mussv of MATLAB. It
provides a vector p which contains the value of p for each frequency of the considered

range. The range and step size can be chosen by the user [114].

The results for the VSM operating as both VSC and VSG are presented in Fig. 6.8.
This figure displays the p value across the analyzed frequency range. In this case, p is
zero among all the frequency range expect for one point as, for the considered condition
(i.e., operating point, control and setup parameters), the instability is triggered only
by that non null condition. In the following section p will be non zero among all the
frequency range, as, for each frequency, there exist a perturbation which makes the
system unstable. The p-analysis determines which plants are stable within the set of
uncertain plants II, scr. The least perturbed unstable plant Ppy min is found using the

smallest perturbation matrix Apg, that satisfies (6.17), as follows:
1
Pp,u,min = (I + WSCRAMin)Pn = —I2XZPn (622)
kscr

where:
Anin = kaI*

lkal = [|Amin|leo = 1/Wmax (6'23)
kscr = 1/(1 +wscrka)

Based on (6.22), the minimal condition to induce system instability corresponds to a

grid impedance kgcg times the nominal value. The collection of stable perturbed plants
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Fig. 6.9 p-analysis result of the VSC with the uncertainty W.

can be expressed as follows:

1

M, sscr = (I+ WgcrAg)Py = ——122P, (6.24)
kscr.s
where:
As = kA,sI2)C2
lkasl = 1|1Aslloo < [|AMinlleo = kAl (6.25)

kscrs =1/(1+wscrkas) < kscr

According to equations (6.24) and (6.25), systems where the grid impedance is less
than kgcr times the nominal value are stable. In the VSC mode, pqy is 0.278 at a
frequency of 0.972 Hz, and Ay, is —3.6 - 12, Hence, kscgr equals 9.93 (approximately
10). This indicates that the system becomes unstable if the grid impedance increases by

a factor of 10. Under these conditions, the system will oscillate with a frequency of 0.972
Hz.
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Fig. 6.11 p-analysis results with the uncertainty W for VSC (red) and VSG (blue).

Similarly, in VSG mode, P4y is 0.292 with an oscillation frequency of 1.128 Hz,
and Awgp is —3.43 - 12, Here, kgcg is 6.95 (approximately 7). Therefore, the system
becomes unstable for a smaller increase in grid impedance compared to VSC mode. This
theoretical analysis highlights the enhanced robustness of VSC compared to VSG. Under
identical nominal conditions, the VSM operating in VSC mode maintains stability across
a broader spectrum of perturbed plants, spanning grid impedance values from 7 to 10
times the nominal value. This finding is corroborated by experimental validation in
Section 6.5 [114].

6.3 Robust Stability Analysis of the single converter

This section conducts a robust stability analysis of the VSM using the uncertainty
function depicted in Fig. 6.4. The parameters employed for this analysis are outlined in

Table 6.2, selected to reflect a typical scenario of a power plant connected to the grid
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via power electronic converters. The system is linearized around the nominal operating
point of the inverter (P* =1 pu) [114].

The results of the p-analysis for the VSM operating in VSC mode are presented in
Fig. 6.9 [114]. At each frequency, the p value correlates with specific system dynamics.
For instance, the virtual electromechanical dynamics of the VSM (e.g., swing equation)
predominantly affect p in the low-frequency range (0.1 Hz to 10 Hz). This observation is
validated by repeating the analysis with different values of the virtual inertia constant H,
as depicted in Fig. 6.10. Here, p varies exclusively within the frequency band associated
with virtual electromechanical dynamics, while its behavior remains consistent at high

frequencies (100 Hz to 10 kHz), primarily influenced by current control and LCL filter
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dynamics. Additionally, the excitation VSM dynamic related to the virtual flux A, affects
p around the nominal grid frequency (50 Hz).

Subsequently, the p-analysis is performed for the VSG mode operation. The compari-
son of results between VSC and VSG modes is illustrated in Fig. 6.11. It is observed
that in VSG mode, the peak p value at low frequencies exceeds that of the VSC case,
whereas both modes exhibit similar behavior in the high-frequency range. This distinction
indicates that the operational mode of the VSM influences its response primarily in

low-frequency phenomena.

In this generalized analysis, the VSM demonstrates greater robustness when operated
as a virtual compensator (VSC), as evidenced by pmaxrvsc < Hmar.vsc- This implies
that under identical conditions, a VSM controlled as a compensator remains stable over
a broader range of perturbations (or uncertainties) compared to when operated as a
generator (VSG) [114].

This result is obtained under a specific operating condition. To comprehensively
highlight the benefits of the VSC over the VSG, the p-analysis is performed for different:

« virtual inductance values (i.e., different L,);
« working operating conditions (i.e., different P*);

o sizes of the converter (i.e., different Sp).
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All cases are tested for different values of grid impedance, from a really stiff condition
(SCR = 100) to a really weak one (SCR = 1). The nominal values are expressed in per
unit in Table 6.2. The analysis is performed considering the uncertainty on the SCR
(wscr=0.25). The results are respectively illustrated in Fig. 6.12, Fig. 6.13 and Fig. 6.14.

Fig. 6.12 shows how pq almost linearly increases by increasing the grid inductance
value Ly along the horizontal axis. The grid resistance R, is constantly equal to Lg/10.
Moreover, the analysis is repeated for five reasonable values of virtual impedance (L, from
0.1 to 0.5 pu, R, = L,/10). It can be observed that the higher is the virtual inductance,
the higher is pyqx (i-e., the lower is the robustness). Notably, in all cases the VSC shows

a lower 4 value, i.e.; the VSC guarantees a higher robustness compared to the VSG.

Next, Fig. 6.13 provides the results obtained by changing the working operating
condition of the converter (i.e., the active power reference P* and therefore the inverter
active power P;) from 0 to 1 pu. At zero power the VSC and VSG show obviously the
same robustness. Then, ., exponentially increases by increasing the working operating
point. It can be observed that, under the same conditions, the VSC still shows a lower

Wmax value compared to VSG.

Finally, the same analysis is performed for several sizes of the converter by changing
the base value S, from 10 to 100 kVA. The results are illustrated in Fig. 6.14. It can be
observed that for each grid impedance condition, the value of p,.y is almost constant
independently of the converter size. Therefore, in per unit values, the robustness of a
system is independent of the converter size. Even in this final case, under the same
condition, the VSC enhances the robust stability of the grid-tied converter compared to
the VSG.

6.4 Robust Stability Analysis of the parallel convert-

ers

The same analysis of Section 6.3 is repeated for a system of two parallel converters. The
scheme of the system under study is depicted in Fig. 6.15. Two inverters, named Inverter
1 and Inverter 2, share a common ideal dc-source. They are connected to the grid at the
PCC through their own LCL filter (Filter 1 and 2), as highlighted in Fig. 6.15. The two
filters are equal as the inverters (e.g., same size, switching frequency). All the parameters

are collected in Table 6.2 and they are the same of the single converter analysis.:
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Fig. 6.15 Scheme of the parallel system under study.

o Inverter 1 is the same converter of the previous section. Therefore, the block
Control 1 of Fig. 6.15 is the control already described in Fig. 3.34;

o Inverter 2 operates as a grid-forming converter and its control algorithm is described

in the following subsection.

6.4.1 Synchronverter model

Inverter 2 operates as a VSG grid-forming converter and it is controlled according to the

original version of the Synchronverter [46]. The control scheme is depicted in Fig. 6.16.

The Synchronverter consists of three main parts:

« Swing Equation (highlighted in green in Fig. 6.16): it emulates the mechanical
dynamic of the virtual machine. The inputs are the reference active power P* (from
a higher level control unit) and the electrical torque 7, retrieved from the measured
active power P;. This part provides the frequency o, and the angle 0, of the virtual

machine;

» Excitation Control (highlighted in blue in Fig. 6.16): it emulates the excitation
control of the virtual machine. It receives as inputs the reference reactive power Q*
from a higher level control unit and the measured reactive power Q;. It provides

the virtual flux Myiy as output;

e P,Q,V Calculation block: this block calculates the inverter active power P;, the
reactive inverter power Q; and the voltage amplitude V, from the measured inverter

current 7; and the measured voltage v,.
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The flux amplitude Myiy, the virtual frequency w, and the virtual angle 0, are used

to calculated the three-phase virtual electromotive force e, as follows:

€v.a sin(@,)
ey, = |eyp| = Myifo, |sin(6, — 21/3) (6.26)
ey sin(0, + 2n/3)

The electromotive force is the voltage reference v* used to retrieve the inverter
commands g. Therefore, Inverter 2 operates as a grid-forming because it directly imposes

its voltage reference with no current regulator.

6.4.2 State-space model of the parallel converters

The block scheme of the system under analysis is illustrated in Fig. 6.17. For simplicity,
the (d, g) quantities are written as vectors, where the generic quantity x corresponds
tox = [xd,xq]T. The C1 block corresponds to the Control block of Fig. 6.5. The C2
block corresponds to the control block highlighted in orange in Fig. 6.16. It features the

following inputs and outputs:
* * T
uce = (AP, APi2, AQ3, AQin, AV (6.27)

yez = [AEi, Awya, AO,2] " (6.28)
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Fig. 6.17 Complete block scheme of the overall parallel system to perform the p-analysis.

where Ej;5 and 0,5 are respectively the amplitude and the phase of the Inverter 2 voltage

output, assuming ideal the Synchronverter control (i.e., e, = v* = ¢;).

The PQV block performs the P,Q,V Calculation operations. A detailed description

of the state-space matrices can be found in [74].

The LCL1 block is slightly different to the LCL block of Section 6.2 as there is no
auxiliary resistance. Therefore, it receives the PCC voltage vpcc as input and it provides
the grid-side filter current i, as output. The entire subsystem features the following

inputs and outputs:
T
uLcL1 = [Aeilda Aeilqa Avpccda AVpccqa A(lorl] (629)

. . . . T
yicrt = [Aijia, ANijig, Nipgra, Aipa1g, Avera, Aveiy| (6.30)

Next, LCL2 is almost the same of LCLI. The only difference lies in the input inverter
voltage. In the LCLI block the inverter voltage e;; is provided in (d, g) components,

whereas the LCL2 block receives the inverter voltage as amplitude E;5 and phase 0,9.

urcrz = [AEj, Awyo,0,0]T (6.31)
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. . . . T
yicLz = [Aijoa, Aiing, Ai pgaa, Nifgog, Avgaa, Avgay | (6.32)

Finally, the Grid block, the uncertainty function W and the perturbation matrix A
are the same of the analysis of Section 6.3. As for the previous analysis, the Grid block
has the PCC voltage v, and the grid voltage e, as inputs and the grid current i, as
output. The grid current is a state variable, as the grid-side currents ifg1 and ipgo of
the two LCL filters. Therefore, i, cannot be calculated as simply the sum of iz,1 and
irg2. To solve this incompatibility, a common practice is to parallel the two LCL filters
through an auxiliary shunt resistance Ry, connected at the PCC [64]. Rgyy does not
alter the dynamic response of the overall system and it is set to 10* pu [115]. As for the
LCL block of Section 6.2, the PCC voltage v, is computed as the voltage drop on R

as follows:

Vpee = Raux(ifgl + ifg? - ig) (6'33)

6.4.3 pu-analysis of the parallel converters

The p-analysis of the parallel converters system is performed according to the procedure
described in Section 6.2 and Section 6.3. First, the robust stability analysis is evaluated
for the simplified case of uncertainty only on the SCR (20%). The parameters used for
the analysis are the experimental setup 2 parameters listed in Table 6.3. Note that the
values are different from the setup 1 parameters because the tests have been performed in
two different laboratories. The control parameters of Inverter 1 and 2 are tuned according
to [25] and [65], respectively, and listed in Table 6.3. Inverter 1 operates at P; = 0.2 pu,

whereas Inverter 2 operates at P; = 0.1 pu.

Fig. 6.18 illustrates the theoretical outcomes. The system of a VSG in parallel to the
Synchronverter shows a 4 value of 0.298 at 1.396 Hz, which corresponds to a kscg
equal to 6.2. Therefore, if the grid impedance increases of 6.2 times, the system will
diverge at a frequency of 1.396 Hz. The same test is repeated for the VSC in parallel
to the Synchronverter. The result demonstrates the superior robustness of the VSC,
as Wmax is equal to 0.28, which corresponds to a kscg = 9.3. Therefore, the system
VSC+Synchronverter is more robust as it needs an higher variation of grid impedance to
become unstable. The theoretical instability frequency is equal to 1.285 Hz. This result

will be experimentally demonstrated in the following section.

Next, the theoretical analysis is performed for a more generic case as in Section 6.3

using the simulation parameters of Table 6.2 for both Inverter 1 and Inverter 2.
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Table 6.3 Experimental setup 2 parameters.

Inverter 1 & 2 Base Values
SN 15 kVA S, 15kVA oy 314 rad/s
Iy 30 A Vi 230V2V  Z, 10.6 Q
Sfow 10 kHz
LCL Filter 1 & 2 Grid
Ly 2 mH E, 230V2V L, 0.32mH
Ly, 3.3 mH fe 50 Hz R, 0.04 Q
Cy 5 pF
Inverter 1 Inverter 2
R, 0.02 pu J 12kgm? D, 24.4kgm?/s
L, 0.2 pu K 75761 A D, 241 A
H 4s
0.3
0.3 i A -
0.29

02 0.28 4

Z A

201 1.285 - 1.396

—— VSC // Synchronverter
—— VSG // Synchronverter
0

10° 102 10*
Frequency (Hz)

Fig. 6.18 p-analysis results considering only the SCR as uncertainty: Synchronverter in parallel
to the VSC (green) and to the VSG (black).

The Synchronverter parameters used for the simulations are tuned according to [65]

and they are equal to:

J =8.1kg-m? D, = 205.3 kg/s - m*
K = 80487 A D, =2562 A

Both Inverter 1 and Inverter 2 operate at their nominal setpoints, i.e., P;; = Pjo =
1 pu. As it can be observed in Fig. 6.19, even in the general case the VSC enhances
the system robustness compared to the VSG as it features a lower . value. The p
profile along the frequency is quite similar to one of the single converter case. There are
three different peaks related to the mechanical dynamic of the VSM, the VSM excitation
dynamic and the current control dynamic. At high frequency, there are no differences

between the VSC and the VSG, as for the single converter case.
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Fig. 6.20 Comparison between the single converter and the parallel converters systems.

To better appreciate the differences between the single converter and the parallel
converters cases, the results are compared in Fig. 6.20. It can be noted that p increases
at low frequency and decreases at high frequency. At high frequency the peak decreases
because of the mode operations of the two converters. Inverter 1 operates a grid-following
converter (independently of the VSG or VSC operation), whereas Inverter 2 is a grid-
forming converter. The grid-forming is equivalent to an ideal voltage source connected at
the PCC. Therefore, the current regulator of the grid-following converter is connected
to an equivalent grid more stiff than the single converter case. Consequently, the high
frequency instability condition is reached for an higher increase of the grid impedance,
as demonstrated in [74]. At low frequency, instead, the mechanical dynamic of the VSC
and VSG interacts with the mechanical dynamic of the Synchronverter, thus resulting in
a system more prone to low frequency instabilities (i.e., sub-synchronous oscillation issue
among parallel VSMs) [83].
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Fig. 6.21 (a) Picture of the experimental setup 1: single converter connected to the grid [114];
(b) Picture of the experimental setup 2: two converters operating in parallel to the grid.

6.5 Experimental Validation

The single converter system is validated on the experimental setup 1, depicted in Fig. 6.21a
[114]. The experimental results for the two parallel converters system are retrieved from
the setup 2, shown in Fig. 6.21b.

6.5.1 Single Converter

The experimental setup consists of a three-phase inverter linked to a power amplifier via
an LCL filter. The control of the converter is managed through the dASPACE MicroLabBox
platform. The power amplifier, simulated by a Real-Time Digital Simulator (RTDS),
mimics the grid. Fig. 6.21a provides a visual representation of this setup, while Table 6.1
details its primary data. Two types of experimental tests were conducted to verify the

theoretical findings of p-analysis [114].

The first step is to validate the state-space (S-S) models used in the p-analysis. For
this purpose, step variations of the references are applied and the response of the S-S

model, PLECS simulations and the experimental outcomes are compared. Figs. 6.22a and
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Fig. 6.22 Test to validate the S-S models. Step variations of (a) active power in VSC mode; (b)
active power in VSG mode; (c) reactive power in VSG mode [114].

6.22b illustrate the responses to active power reference steps for the VSM operating as
VSC and VSG, respectively. The figures show the trends of P;, P, and f, i.e, the inverter
active power, the virtual active power, and virtual frequency, respectively. Fig. 6.22c
shows the response to a step in virtual reactive power reference. The figure proposes the
trends of Q;, Q, and P;, i.e., the inverter reactive power, the virtual reactive power, and
inverter active power. These responses consistently match simulations in PLECS and

experimental results, confirming the accuracy of the modeling process [114].

The uncertainty function employed for p-analysis in Section 6.3 reflects a generalized
scenario encompassing multiple sources of uncertainty. However, validating such a general
case experimentally is impractical. Consequently, the results of p-analysis were validated
under the simplified conditions outlined in subsection 6.2.5. As previously demonstrated,

uncertainty solely in the SCR equates to a variation in grid impedance.

The initial test consisted of using a grid impedance seven times bigger than nominal
and performing a step change in active power reference from 0 pu to 0.2 pu. The
experimental outcomes for the VSG operation are shown in Fig. 6.23a., where nominal
inductors and resistors of 2.5 mH and 0.5 Q were replaced by three inductors of 17.5
mH and three resistors of 3.5 Q. VSG divergence at 1.101 Hz aligns with theoretical
predictions. Under identical conditions, VSC exhibits slower convergence, as depicted in
Fig. 6.23b, underscoring the heightened robustness of virtual synchronous compensator
operation. Furthermore, when increasing the grid impedance tenfold (inductance of
25 mH and resistance of 5 Q), VSC gradually diverges around 0.989 Hz, aligning with
theoretical findings from p-analysis, as illustrated in Fig. 6.23c [114].
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Fig. 6.23 Instability tests for the single converter connected to the grid in: (a) VSG mode with
kscr = 7; (b) VSC mode with kscr = 7; (¢) VSC mode with kscr = 10 [114].
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Fig. 6.24 Instability tests for the system of two converters in parallel in: (a) VSG mode with
kscr = 6.2; (b) VSC mode with kscgr = 6.2; (C) VSC mode with kscr = 9.3.

6.5.2 Parallel Converters

The experimental setup consists of two three-phase converters connected to a grid
emulator through their own LCL filter. The converters are connected in parallel at the
PCC as illustrated in the scheme of Fig. 6.15. A picture of the experimental is depicted
in Fig. 6.21b. The two converters are controlled by the same dSPACE platform. The
main data of the two inverters are listed in Table 6.3, where Inverter 1 is the VSM (VSG
and VSC) under study and Inverter 2 is the Synchronverter.

As already stated in subsection 6.5.1, the outcome of the p-analysis is validated for the
simplified case of uncertainty on the SCR. According to the theoretical analysis of Section
6.4, the minimum increase of grid impedance to make the system unstable for the VSG

mode operation is 6.2 times. Therefore, the first test consists of increasing the nominal
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grid impedance of 6.2 times and performing an active power reference variation from 0
pu to 0.2 pu to Inverter 1, while Inverter 2 is injecting an active power of P; = 0.1 pu to
the grid. A 2 mH three-phase inductor is inserted as a new grid inductor (0.32 - 6.2 =~ 2
mH). Moreover, three resistors of 200 mQ are added to match the desired increase of

grid resistance.

The experimental results for the VSG operating mode are shown in Fig. 6.24a. The
active power and the frequency slowly diverge at 1.375 Hz. This first results corroborates

the theoretical analysis, according which the system must diverge with a frequency of
1.396 Hz.

Next, the same test is applied while Inverter 1 operates as VSC. The result is
illustrated in Fig. 6.24b. In this case, the system is under damped because it is close
to the instability condition. However, it slowly converges, as foreseen by the theoretical
analysis. Indeed, the minimum instability condition for the VSC operation is matched

for an increase of 9.3 times.

Therefore, the test is repeated by increasing the grid impedance of 9.3 times. Two
three-phase inductors of 1.25 mH and 1.75 mH are inserted as new grid inductors
(0.32-9.3 = 2.98 mH). They feature a total internal resistance of 60 mQ, so three resistors
of 300 mQ are added to match the desired grid resistance increase (0.04-9.3 ~ 0.37 Q).
Fig. 6.24c shows the experimental results. It can be observed that the system slowly
diverges according to the theoretical analysis with a frequency of 1.349 Hz, close to the
theoretical one (1.285 Hz).

6.6 Conclusion & Main Contributions

This chapter proposes a robust stability analysis of a VSM operating in both virtual
compensator and generator modes. The theoretical analysis reveals that a VSM function-
ing as a virtual compensator exhibits greater robustness compared to its operation as
a VSG. Specifically, under identical nominal conditions, VSC operation remains stable

across a wider range of uncertain plant scenarios [114].

Moreover, the same tests are repeated for a system of two parallel converters. One
converter operates as a grid-forming, while the second one can operate as either VSG
or VSC. The theoretical and experimental outcomes confirm even in this case that the
VSC mode operation enhances the robustness of the system compared to the VSG one.

Therefore, in a scenario of multi converters where one operates as a grid-forming, a VSC
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approach is preferable to the VSG one to guarantee a higher robustness. In conclusion,
the theoretical analysis, supported by experimental results, emphasizes the robustness

advantage of operating as a virtual compensator rather than a virtual generator.



Chapter 7

S-VSC integration in Active Front

End Converter Control

7.1 VSMs integration in battery chargers

Considering a bidirectional ultra-fast DC charging station equipped with integrated energy
storage and distributed DC-bus (as depicted in Fig. 7.1), various solutions have been
proposed in literature to enhance grid stability and resilience using ultra-fast chargers
(UFCs) [118-120]. Some studies in technical literature suggest providing partial ancillary
services, such as frequency support, while others advocate for full Virtual Synchronous
Machine (VSM) technology capable of offering both active and reactive support. While
these approaches ensure satisfactory performance, they necessitate integrating the VSM
model to manage both compensating signals (ancillary services) and the required charging

power references.

However, this integrated approach is not strictly necessary. A preferable solution
is a plug-in option where the VSM model is solely responsible for ancillary services,
while the standard UFC control structure handles power generation. This approach is
exemplified by the Simplified Virtual Synchronous Compensator (S-VSC). By emulating
a synchronous compensator, the virtual component exclusively provides grid services,
allowing the conventional battery charger structure to manage power generation. As a
result, the S-VSC consistently operates at a minimal load angle, offering the following

advantages [121]:
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Fig. 7.1 Simplified schematic of a next-generation bidirectional ultra-fast DC charging station
with integrated energy storage and distributed dc-bus [121].

e The S-VSC algorithm is a plug-in add-on for standard UFCs, enabling them to
support the grid;

o With respect to the early grid supporting UFCs, the VSC-based control is capable
of providing both static (permanent) and dynamic (transient during faults) grid

support.

This chapter proposes a control strategy that integrate the control of the S-VSC into
the conventional control an ultra fast battery charger. The finding of this chapter led to
the publication of [121].

The scheme of the system under study is proposed in Fig. 7.2. The primary advantage
of the S-VSC solution lies in its capability to directly enable or disable power reference
signals originating from the S-VSC. In contrast to other approaches, where the VSM
model governs all aspects of power exchange with the grid, this strategy allows for
selectively deactivating one or both power channels when they are unnecessary or outside
the operational plan of the charging station. For example, if local storage requires
recharging, the contribution of the AFE to transient frequency support can be restricted

or completely omitted.

The proposed solution operates as a straightforward plug-in control, significantly
enhancing the grid-side performance of UFC stations with minimal adjustments to

standard control algorithms. The control scheme is depicted in Fig. 7.3 [121].
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206 S-VSC integration in Active Front End Converter Control

Vdc + dc

—P_O—) Hpj(s)p—>
VdCT
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7.2 AFE Converter

This subsection briefly describes the conventional control of an Active Front End (AFE).
The AFE is the input ac/dc stage of a fast battery charger. The dc-side of the system can
be considered as ideal. The bidirectional exchange of power between the vehicle and the
converter is modeled as an ideal current source. A potential additional backup storage
system is modeled as an ideal voltage source. First, the converter must synchronize to
the grid operating as a grid-following. A synchronization strategy is necessary to track
the grid voltage. One of the most adopted solution available in the literature is the Phase
Locked Loop (PLL) [77]. Next, one of the simplest methods proposed in the literature to
control an AFE consists of implementing two cascaded control loops [123, 124]: an outer

dc voltage control loop and an inner inverter current control loop.

(1) Outer dc Voltage Control

The desired reference voltage v, . is compared to the measured voltage v4c. A Proportional-
Integral (PI) regulator receives the error ey, = V5. —Vde and provides the reference current

i, needed to cancel the error in steady state. The scheme is depicted in Fig. 7.4.

(2) Inner Inverter Current Control

The reference current i, is multiplied by the voltage v4. to retrieve the reference power
P?,_. Assuming efficiency equal to unity, the inverter reference power is Pse; ~ Pj;.. The
ac inverter reference current i; is finally calculated from Py, and the measured voltage
vg. The inverter reference current i can be calculated either in a stationary frame
(o, B) or in a (d,q) reference frame rotating at the grid frequency. In the first case, a
Proportional-Resonant (P-RES) regulator tuned at the grid frequency is used to cancel
the error between the reference current and the actual value, by providing the voltage
reference v*. The reference v* is finally used to retrieve the commands for the converter
q-. In the second case, a PI regulator is used for the same purpose. The control block
scheme is depicted in Fig. 7.5 [121].
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7.3 AFE Control with S-VSC

The S-VSC control can be easily integrated into the AFE control preserving the main
goal of the AFE control. The reference power Pjy,; retrieved from the dc voltage control
is the external reference power which can be added to the S-VSC control block depicted
in Fig.7.3. The synchronization of the AFE is performed through the S-VSC algorithm
and a PLL is no more needed. In normal operating conditions, the converter will work as
an AFE by managing the exchange of active power with the grid for both charging the
electric vehicle battery and operate in V2G by injecting active power to the grid. The
virtual current will be zero and the S-VSC will operate only as a PLL to guarantee the
synchronization to the grid. Moreover, if a grid perturbation occurs (e.g., grid frequency
variation, voltage dip, harmonic distortion) the S-VSC will automatically react to provide
grid services and grid support. The following subsection will show some experimental
results. The energy required to guarantee the support can come from the de-link or a dc

backup storage connected in parallel [121].

7.4 Experimental Results

The experimental setup consists of a 15 kVA three-phase inverter connected to the grid
emulator through an LCL filter. A picture of the setup is shown in Fig. 7.6. The setup is

the same of Chapter 3, where the converter is used as an Active Front End [121].

7.4.1 Inertial behavior + Primary frequency regulation

Considering a frequency reduction due to the loss of a generation source, the battery
charger provides inertial support. If the active droop control is enabled, the converter

also provides primary frequency regulation, as demonstrated in Fig. 7.7 [121].
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Fig. 7.7 Inertial behavior + Primary frequency regulation results. From top to bottom: virtual
frequency f, (Hz); (a) AFE measured active power (pu) when droop is disabled; (b) AFE
measured active power (pu) when droop is enabled [121].

7.4.2 Grid support during faults

Considering a 15% voltage dip, the converter immediately reacts by injecting reactive
power Q to support the grid. The result of the test is proposed in Fig. 7.8. The current
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is saturated to a predefined value (in this case, 50% of the nominal value) which can be
changed according to the operating conditions of the battery charger. The converter can
withstand the fault showing a proper Fault Ride-Through Capability, as prescribed by
the newest grid codes [121].
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Fig. 7.8 Grid support during faults results. From top to bottom: measured voltage amplitude
V, and virtual excitation flux A, (pu); AFE measured reactive power (pu); AFE current
amplitude (A) [121].

7.4.3 Harmonic support

Considering a harmonic distortion into the grid voltage, VSMs can support the grid by
reducing the voltage distortion at the PCC behaving as harmonic sinks. As shown in
Fig. 7.9, by applying a fifth harmonic voltage distortion, if the S-VSC is off, the voltage
distortion at the PCC is circa 6 V. If the S-VSC is on, the voltage distortion at the PCC

decreases below 4 V.
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Fig. 7.9 Harmonic support results. DFT of the measured voltage in case of (a) S-VSC OFF; (b)
S-VSC ON.

7.5 Conclusions and Main Contributions

This chapter demonstrates how the S-VSC algorithm can be integrated into the traditional
control of an Active Front End converter from an ultra-fast charger. The S-VSC allows
the charger to transiently provide grid support services for improved grid stability without

compromising its primary charging function.

Moreover, this chapter explores the potential of utilizing ultra-fast chargers as active
contributors to grid stability as their presence in the power system increases, addressing

both the challenges and opportunities posed by this emerging phenomenon [121].



Chapter 8

Conclusions and Future Works

8.1 Conclusions

Virtual Synchronous Machines represent a valid solution to facilitate the penetration of

renewable energy sources into the grid.

This PhD thesis has explored the development and implementations of control
strategies that integrate the Virtual Synchronous Machine (VSM) concept to provide
grid services to support the grid. The research has been divided into two parts, each

addressing critical aspects of VSM control and application.

General Aspects of VSMs

o A clear distinction between grid-following, grid-forming, and VSM control strategies

was established, addressing common confusion in the literature [C1];

e The most adopted VSM topologies were implemented and compared using a
consistent tuning strategy. The comparative experimental analysis highlighted the
differences and similarities in their inertial behavior, frequency regulation and grid
support during faults [J4], [C1];

o The beneficial effects of inertial response provided by VSMs were demonstrated

through dynamic grid experimental tests [T2];

o The response of main VSM typologies to grid harmonics and imbalances was

foreseen and analyzed. It was found that some typologies can enhance grid voltage
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quality by acting as harmonic/unbalance sinks, while others might deteriorate it
[J3];

o The study revealed that the harmonic/unbalance sink capability of grid-forming
VSMs is constrained by dead-time effects, emphasizing the necessity for dead-time

compensation [J2].

Development of S-VSC

e The S-VSC developed in a previous PhD thesis was extended to operate in grid-
forming mode, validating its application for converters in microgrids operating both

in grid-connected and islanded modes [J1];

« Robust stability of the S-VSC was evaluated using the p-analysis, demonstrating
that converters operating as compensators are more robust than those functioning
as generators, both individually and in parallel configurations. The robust stability

is intended as the stability against grid impedance error estimation [C2];

o An innovative implementation of the S-VSC algorithm into battery chargers was
proposed, showing that such chargers can provide ancillary services to the grid
while preserving the primary function of charging vehicles, thus enhancing their

utility and integration into the power system [J8].

In conclusion, this PhD thesis contributes to the body of knowledge on VSMs and their
role in modern power systems, providing both theoretical insights and experimentally
validated solutions for enhancing grid stability and support with the purpose of facilitating

the renewable energy sources spread.

8.2 Future Works

All the findings summarized of the PhD activity opened up potential future research

directions:

(1) Grid-forming S-VSC

Chapter 5 demonstrated the grid-forming capability of the S-VSC for the control of

an islanded microgrid. However, in island operation, the S-VSC cannot guarantee
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proportional-integral frequency and voltage regulations, as it has no access to the status
of the breaker interfacing the microgrid to the main grid. The advancement of the
proposed solution is to make the S-VSC aware of the breaker status to guarantee: 1)
the switch from the proportional regulation in grid-connected mode to the proportional-
integral regulation in island mode; 2) resynchronization to the grid after the island

operation.

(2) Transient stability analysis of the S-VSC

Chapter 6 demonstrated the higher robustness of the virtual compensator operation over
the virtual generator one. As described in previous chapters, the virtual synchronous com-
pensator (VSC) always operates at a very small load angle, implying better performance
in terms of transient stability with respect to virtual synchronous generators (VSG).
Therefore, future works might focus on the theoretical and experimentaly demonstration
that the VSC concept can guarantee a higher transient stability during large grid faults
compared to the VSG working principle, highlighting another advantage of adopting this
VSM topology.

(3) Subsynchronous oscillations in a multi-S-VSC system

The studies on the S-VSC mainly focused on a system consisting only of a single converter
connected to the grid. Only simple experimental outcomes proposed in Chapter 3 and 6
demonstrated the possibility to adopt the S-VSC algorithm to control a multi-converters
system with no sub-synchronous oscillations (i.e., one of the main recent issues affecting
VSMs operating in a microgrid). However, a detailed theoretical analysis is needed to

properly demonstrate the validity of the S-VSC in controlling multi-converters system.
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Appendix A

State-Space model of the GFM
S-VSC

A.1 State-Space Models

In the following, for the generic quantity vy, the term Ay9¢ stands for the row vector
[Ay? Ay9], where Ay? and Ay? are respectively the d-component and the g-component of

Ay in the (d, q) reference frame rotating at the virtual speed o,.

A.1.1 Loads

Resistive Load

dXR

A B
i RXR + URUR (A1)

yrR = Cgrxgr +Dgrur
_ dq T _ .dq T
UR = Avpcc’ Ploaa| YR = AZR (AQ)
xg = 0, Ag = 0, Br = [0]"™*3, Cg = [0]* (A.3)
1

= 0 0
Dr=| ¢ A4
R . i Vgcco ( )

Rpr Rpr

where Ry is the resistance of the load, i is the load current and Pj,.q is a logic flag to

emulate the connection or disconnection of the load.
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Induction Machine

dxmm

= A B
i IMXIM + bimMuim (A.5)
yim = Cmvxmv + Divumv

dg dq T
XIM = [Aks AN ,Am,M] (A.6)
dqg T
uny = [AVPCC,A(D, ATL] (A7)
.dg T
YiMm = [Als ] (A8)

where Ay is the stator flux, A, is the rotor flux, ;s is the rotor speed, Ty is the load
torque, iy is the stator current and o is the grid frequency w, in grid-mode operation
and the virtual frequency o, in island operation. The state-space matrices can be found
in [125].

Non-linear load

dxNL
= A +B
7 NLXNL + Bnpung (A.9)
yNL = Onpxni + Dnpunt
. T
XNL = [Adgeni, Avie] (A.10)
_ dq T
UNL = AVpcc’AIloaa’ (A,ll)
. g 1T
YNL = [Aigene, Avye, Ail ] (A.12)

The state-space representation refers to the average model of a three phase diode
rectifier [126] connected to a capacitor in parallel with a constant current load. The
rectifier is connected at the PCC trough an inductive filter with inductance L¢ yr. ige N1
is the dc current of the rectifier, vy is the voltage of the capacitor on the dc-side of the
rectifier, 17,44 is the load current and iquL is the g-component of the ac rectifier current.

The state-space matrices are retrieved from [126].

A.1.2 LCL Filter

The LCL filter has a damping resistance R;. The capacitor voltage is v., while the
measured voltage v, is the sum of v. and the voltage drop on Ry4. The subscript 'LCL,G"
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refers to the state-space representation of the LCL filter in grid-connected operation,
while the subscript "LCL,I" refers to the island-mode.

Grid-mode
LCLG A X +B u
I LCL,GXLCL,G LCL,GULCL,G (A.13)
yicr.c = Crcrexiere +Drercurcr.c
dq x.dg A .d d
XLCL,G = [Aliq,Ale,,Algq,Ach]T (A.14)
ugorc = [Aefd, Aed, Ay, AT (A.15)
where iy is the total load current.
dq .dg ,.d d d
yiere = [Aif!, A Ai?, Avet Aviple ]t (A.16)

In the following, Rp, Rr and Rg are equal to, respectively:

Rp =Rf+Rd (A.17)
RFZRd+ng+Rs (A.18)
RG = R, + R, (A.19)

The only non-zero elements of Dycr,. g are:

Drcr.g(9,6) = Drcr,g(10,7) = —R; (A.20)
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AicrLc =

Wr0Wp

R
wp —d 0
Ly
R4
0 Wp—
Ly
Rp
—Wp— W Wp
Lfg '
Rp
—Wr00p —Wp——
Lfg
Ry
0Wp— 0
Lg
0 Rs
(D —
b L,
Wp
- 0
o
0 o
Cy (A.21)
(,l) -
T
Ly
0 ™
) Ly
el 0
Lfg ©
0 b
Lfg
0 0
0 0
0 Ao
—Wr00p 0
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BicLg =
220 0 0wl 0 0
f
0 72 0 0 —wlf 0 0
f
R
q S
0 0 0 0 ‘Dblfgo wp Lfg 0
| R
0 0 0 0 -—wplfy 0 w0y (A.22)
§ Lfg
Ry
0 0 -2 0wl - 0
L, g L,
0Wp d Rs
0 0 0 —L—g —(DbIgO 0 —(DbL—g
0 0 0 0wV 0 0
d
0 0 0 0 —opVd 0 0
(1 0 0o o 0o 0 0 0
o 1 0 0O 0 0 00
O 0 1 0 0 0 00
O 0 0 1 0 0 00
O 0 0 O 1 0 00
C = A.23
WLE=1g 0 0 0 0 1 00 (4.23)
R;, 0 -R;, 0 0 0 10
O Ry/,/ 0 -R;, 0 0 01
O 0 R, 0O —-R, 0 00
0 0 0 R, 0 =R, 00
Island-mode
dxrcLr
dt - ALCL,IXLCL,I + BLCL,IULCL,I (A24)
YicL1 = CLCL,IXLCL,I + DLCL,IuLCL,I
xpont = [Aif7, MG Ave?]" (A.25)
uLcLI = [Ae?q, Aw,, Aiiq]T (A.26)
YLCL,I = [Alldq, AI?Z, Avg,lq, AVZZC]T (A27)

ArcrLi =
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—-0p— - — 0 -—— 0
®p L 0r0p ®p L L,
Rp Ry Wp
—Wy00p —Wp— 0 wp— 0 -
Ly Ly Ly
Rq Rp 0p
Wwp—— 0 —0p—— ®0p — 0
Liyg Lyg Lyg (A.28)
R Rp 0p
0 Wp— —W00p —0p— 0 _—
o Lyg o Lyg Lyg
= 0 ) 0 0 @oop
Cr Cy
0 ll 0 A
Cf Cf r0Wh
_mb q
L_f 0 (O] IlO 0 0
0 . —wpl, 0 0
0 0 opl? ® Ry 0
BrcLi = Pire0 PP, (A.29)
R
_ d s
0 0 ('Oblfgo 0 wp Lfg
0 0 (obVCqO 0 0
0 -wpV4 0 0
1 0 0 0O 00
0 1 0 0 00
0 0 1 0O 00
0 0 0 1 00
C = A.30
RITR, 0 —Rg 0 10 (4.30)
0 Ry 0 -R; 0 1
0 0 Ry 0O 00
0 0 R, 0 0
The only non-zero elements of Dycr1 are:
Drcri(7,4) = DrcrLi(8,5) = =Ry (A.31)

A.1.3 Inverter

The Inverter block is the same proposed in [110] and it is not reported here.
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A.1.4 S-VSC Control

The S-VSC control block consists of the Electrical Equations block and the power loops
block (i.e., Mechanical Emulation and Excitation Control). The former is the same
proposed in [110] and it is not reported here. The latter is slightly different from [110)]

and it is proposed in the following.

The power loops block changes according to the operating configuration (i.e., grid-
mode or island). In the following, f, and f; define if the droop references P}, and Q7 are
applied on the inverter references or on the virtual references, are explained in Section
5.2 and shown in Fig. 5.2 with the switch Kj,,.

Grid-mode
dxpw.c = A X +B u
7 PW,cXpw.c + Bpw cupw.c (A.32)
ypwe = Cpwexpw,c+Dpwcurwc
Xpw.G = [Awr, AS, Ad.] T (A.33)

where 0 is the angle difference between the virtual rotor angle 6, and the grid voltage
angle 0,.

ww. = [AP), AQ), AP}, AQ),

(A.34)
Av?q, A%, Awyg
ypw.c = [AP,, AQ,, Aw,, AS, AL, ]T (A.35)
0 0 0
Apweg = |0, 0 0 (A.36)

0 00
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L, ko D
o2H oH oH
Bpwe=| 0 0 0 0 0
[‘I
0 k,— 0 ke‘f—q keVVO
| g0 g0 g0
J p ; (A.37)
T Yoo Ve
oH 2H oH
0 0 ("
d q d
k ﬁ k Y0 L2 o
eVgO eVgO eVgO
[0 0 0]
000
Cpwg=|1 0 0 (A.38)
010
0 0 1]
Dpwg =
i ; ; )
0000 Ify Ijy Vig Ve O
q d q d
0000 -1 I Vi, =V& 0 (A.39)
0000 O O 0O 0 0
0000 O O 0 0 0
o000 0 0 0 0 0

In (A.37) H is the inertia constant
(pu) [81].

Island-mode

dxpw 1
dt
yrwi1

Xpw.I = [Aw,, A"

in seconds and k. is the gain of the excitation control

Apw 1xpw 1 + Bpw 1upw 1

(A.40)

Cpw.ixpw.1 + Dpw 1upw 1

(A.41)
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T
upwr = |AP) AQ AP, AQY, AV ALY (A.42)
YPW,I = [APV’AQV’A(DF,A}\@]T (A43)
Apw = [0]% (A.44)
1 fp Ide
—_ 0 2P 0 -
2H 2H 2H
Bpw = ;
0 kL o gJr g Do
g0 VgO VgO (A )
d q 45
T Yoo Ve
2H 2H 2H
d q d
—k ILO —k @ k @ 0
eVgO e 20 eVgO
0 0
0 0
C = A.46
PW.1 10 ( )
01
Dpwi =
d d
0000 Iy Ijy Vio Ve
d d
000 0 -rf 19 vl -vd (A.47)
0O 00O0 O 0 0 0
00 0O0 O 0 0 0
A.1.5 Reference Calculation
T
urer = | AP, AQLES, Aif?, AP}, AQ;, v (A.48)
x,dq T
XRef = 0, YRef = [Al,-’ ] (A.49)

ARef =0, BRef = [O] 1x8, CRef = [0]2X1

(A.50)



234

State-Space model of the GFM S-VSC

DRet =
vd d
Yo Vo - f)V;O
2 2 27N “Jalye
VgO VgO |4 0 VgO
Voo Vio Veo Veo
ve Tye 01 U-f)yy U=l
L ¥ 20 g0 g0 g0
* 2, 2,d % v7d
PiO(Vqu Vo) — 2QingoV§’o
V4
80 (A.51)
* y7d * 2, 2,d
_2PiOVgOV£IO + QiO(Vqu Ve )
1
Vg0
* 2,d 2, % y7d i
QiO(VgO - Vg()q) - 2Pi0Vg0ngO
1
Vg0
£ Q,d 2’q * d q
Pio(Veo = Veo ) +2Q7VeoVe0
1
Vg0
A.1.6 High Level Control
dxyr,
= A B
s HLXHL + DHLUHL (A.52)
yar. = Cuuxan + DarunL
where:
dq T * «1T
gL = [Aw,,Avg ] yHL = [AP5, AQ'] (A.53)
xgr = 0, Agr, = 0, Bag, = [0]™3, Cy, = [0]%! (A.54)
1
5 0 0
Dur=| 7 d q A55
HL P VE oV (A.55)
0 -5 _-_&
bq Veo bq Veo
A.1.7 Grid

The grid block is the same proposed in [110] and it is not reported here.
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A.2 Component Connection Method for the loads

Aggregated Matrices

Ap = blkdiag{AR, Amm, Anr}
By = blkdiag{Bgr, B, BnL}

) (A.56)
Cy = blkdiag{Cg,Cim, Cnr}
Dy = blkdiag{Dr, Div, DN}
where "blkdiag" stands for block diagonal.
Aggregated system
u, = Lyypryr +Luspust (A57)
Vs = Lsy,LYL + Lss,Lus,L
T
Xy, = [XE, XITM, XIEL] (A.58)
T
ur, = [uIT{, uITM, uEIL] (A.59)
T
¥ = [¥re Yime Y| (A.60)
T
uS,L = [AVﬁZC’ A('O’ ATL’ Alload’ APload] (A61)
yar = | A1l AR, AN, Awopur, Aie v
(A.62)

A A A.dq A.dq T
VNL, lNL’ lR’ lL

The interconnection matrices Lyy 1, and Lgs 1, are all zeros matrices.

Luy,L = [O] 10X12, Lss,L = [O] L6 (A'63)
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Lus,L = (A64)

SO R O O B O OO O = O
S O O O o o o = o O

O O O O O = O o o
O O O B O O O o o O
_ o O O O O O o o O

o

"o o O 0o~ O o o —

The non-zero elements of the matrix Lgy 1, € [14, 12] are:

Leyp(1:12,1:12) = [1]12x12
Lsy,L(l?’a 1) = Lsy,L(13a 11) =1 (A65)
Ley1(14,2) = Ly 1,(14,10) = Ley ,(14,12) = 1

State-space representation of the Loads Block

AL = Ay, +BirLyy 1 WiLCy,

Bsi, = BiLyyiWiDpLysiBiLust

CL = Lsy 1 WiLCy (A.66)
Dsr. =  LgyrtWiDpLyst + Lgs L

W, = (I-DgLyyy) ™"

A.3 Component Connection Method for grid-connected

operation

The same approach used in Appendix A.2 is applied to obtain the state-state repre-
sentation of the entire system in case of grid-connected operation. The aggregated
system consists of the following blocks: Loads, LCL,G, Inverter, Stator, Power Loops
in grid-mode, Reference Calculation, Grid, High Level control. In the following are

reported: the input vector ug g, the output vector ys g and the interconnection matrices
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44x%39 44x10 36x39 36x10

[Luy,G] ) [Lus,G] ) [Lsy,G] , and [LSS,G]

set set

usG = [AP”f AQ'E] Aoy, AE,, AD,,
T (A.67)
AT, Mjpads APjoag, APY, QTS ]

d

_ T Asxdq A.dg o .dq .dg dqg dq
YS,G - I:yS,L b Ali s Ali ’ Alfg’ Alg ’ Avg ’ AVp(,‘c’

. (A.68)
dq -dq * *
Ae, Aw,, AS, AP, AQ,, Al ,APd,AQd]

For the interconnection matrices, only the non-zero elements are provided:

Lus.c(1,23) = Lysg(2,24) = Lys g (7,25) =1
Lus.c(8,26) = Lus,g(9,36) = Lys ¢ (10,37) = 1
Lus.g(11,31) = Lys,g(12,13) = Lys g(13,14) = 1
Lus.c(14,34) = Lys.g(15,35) = Lys g(16,15) =1
Lus,g(17,16) = Lys.g(18,21) = Ly ¢(19,22) = 1
Lus.c(20,31) = Lys,g(21,33) = Lys g(24,38) = 1 (A.69)
Lus.c(25,39) = Lys.g(26,21) = Ly ¢(27,22) = 1
Lus.c(28,27) = Lys.g(29,28) = Ly ¢(33,27) =1
Lus.c (34, 28) = Lys.g(35,38) = Lys,¢(36,39) =1
Lus.g(37,21) = Lys,g(38,22) = Lys (39,32) =1
Lus,c(42,31) = Lysg(43,21) = Ly g(44,22) = 1

Lus,G(3,3) = Lus,c(4,6) = Lys.c(5,7) = 1
Lus,c(6,8) = Lys.c(22,1) = Lys,g(23,2) = 1
Lus,c(30,3) = Lys.g(31,9) = Lys ¢ (32,10) = 1
Lus,c(40,4) = Lysg(41,5) =1

(A.70)
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Leyc(l:14,1: 14) = [1)'&

Ley.c(15,34) = Lsy (16, 35) = Ly ¢(17,15) = 1

Ly.c(18,16) = Lgy ¢ (19, 17) = Lgy.¢(20,18) = 1

Ley.c(21,19) = Lgy.c(22,20) = Ly ¢(23,21) = 1

Ley.c(24,22) = Lsy (25, 23) = Lgy.¢(26,24) = 1 (A.71)
Lgy.c (27, 36) = Lgy.c(28,37) = Lgy.g(29,31) = 1

Lsy.c(30,32) = Lgy.c(31,29) = Lgy.¢(32,30) = 1

Ley.c(33,27) = Lsy.c(34,28) = Lgy ¢(35,38) = 1

Ley.c(36,39) = 1

A.4 Component Connection Method for island op-

eration

The state-state representation of the entire system in case of island operation is obtained
by applying the same procedure shown in Appendix A.2. The aggregated system consists
of the following blocks: Loads, LCL,I, Inverter, Stator, Power Loops in island-mode,

Reference Calculation, High Level control. In the following are reported: the input vector

ug1, the output vector ys1 and the interconnection matrices [Luy,I]SSXM, [LHS,I]?’SX?,
33x34 33x7
[Lsy,I] ; and [LSS,I] .
ugr = [APLE AQ AT, Aljga
; T (A.72)
APigad, AP, 00} |
yox = |yon T A0, A0 AT AV, AV,
(A.73)

T
Aoy, APy, AQ,, A%, AP, AQ", A ]
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For the interconnection matrices, only the non-zero elements are provided:

Luy1(1,21) = Lyy1(2,22) = Lyy1(3,29) =1
Luy1(7,23) = Luy1(8,24) = Lyy1(9,29) = 1
Luy1(10,13) = Lyy1(11,14) = Lyy1(12,31) = 1
Luy1(13,32) = Lyy1(14,15) = Lyy 1(15,16) = 1
Luy1(16,19) = Ly 1(17,20) = Ly 1(18,29) = 1
Luy1(19,30) = Lyy1(22,33) = Lyy1(23,34) = 1 (A.74)
Luy1(24,19) = Lyy 1(25, 20) = Lyy 1(26,25) = 1
Luy1(27,26) = Lyy 1(30,25) = Lyy 1(31,26) = 1
Luy1(32,33) = Lyy1(33,34) = Lyy1(34,19) = 1
Luy1(35,20) = Lyy1(36,29) = Lyy1(37,19) = 1
Luy1(38,20) =1

LUS,I(4’ 3) = Lus,I(5a 4) = Lus,I(G’ 5) =1
LI.IS,I(QO’ 1) = Lus,1(219 2) = LI.IS,I(28’ 6) = 1 (A75)
Lus,I(299 7) =1

Ley1(1: 14,1 : 14) = [1]*H

Loy 1(15,31) = Ley1(16,32) = Ley1(17, 15) = 1
Ley.1(18,16) = Ley1(19,17) = Ly 1(20,18) = 1
Ley.1(21,19) = Ley1(22,20) = Lgy 1(23,21) = 1
Lsy.1(24, 22) = Lgy1(25,29) = Lgy1(26,27) = 1
Ley.1(27, 28) = Lgy1(28, 25) = Lgy 1(29,26) = 1
Ley.1(30,33) = Ley1(31,34) = Ly 1(32,23) = 1
Lsy.1(33,24) = 1

(A.76)
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