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Abstract

Recent international reports indicate that the accelerating energy transition, driven
by the increasing electrification of end users and the growth of renewable generation,
is resulting in a substantial rise in grid-connected power electronic converters. This
proliferation of power electronics—interfaced loads and generators challenges the reliable
operation of power systems, due both to higher and often unpredictable peak power

demands and to the increased risk of instabilities caused by the reduction of total inertia.

To ensure the stability of future power systems and avoid frequent grid disruptions,
renewable energy source (RES) plants must be able to provide ancillary services analogous
to those traditionally delivered by synchronous generators (SGs). Moreover, high-power
loads equipped with local energy storage can also enhance grid stability by making part
of the stored energy available to the power system, thus mitigating peak power flows and
contributing to power system resilience by providing ancillary services, similarly to RES

plants.

In this context, two established approaches for enabling static converters to provide
ancillary services and improve power quality are the virtual synchronous machine (VSM)
control algorithms and the active power filters (APFs). The VSM concept implements an
algorithm within the control unit of a grid-tied inverter to emulate the behavior of a SG,
thus providing the full spectrum of ancillary services, including frequency and voltage
regulation, inertial support, fault current injection and harmonic compensation. APFs, on
the other hand, are effective in canceling the distorted currents injected into the grid by
non-linear loads, thus ensuring power system compliance with international power quality

standards.

The goal of this PhD thesis is thus to design control strategies for grid-tied inverters
that enable the proper provision of grid ancillary services, making them more grid-friendly
rather than potential sources of instability. Accordingly, innovative control algorithms

for both VSM and APF applications have been developed, along with systematic design



vi

procedures addressing key hardware aspects of grid-tied converters. This thesis is structured
into two main parts.

The first part focuses on the VSM concept, describing and classifying existing VSM
models and introducing a conventional one that highlights their key features. The power
coupling phenomenon in VSMs is analyzed and a feedforward-based decoupling method
is proposed to limit current stress on hardware components and prevent power fluctuations
from propagating to the DC-connected storage during grid support. A dedicated grid
impedance estimator for VSM-driven inverters is proposed, which is noise-immune, fully
tunable and easily integrable into any VSM model, overcoming existing methods in the
literature that rely on the adaptation of algorithms originally designed for grid-following

converters.

The second part addresses innovative control and hardware solutions for APFs. It first
presents the industrial case study considered in this thesis, which involves APFs installed
in a production facility and operating in parallel with regenerative systems for AC-AC
converter testing. Then, a dedicated discontinuous pulse-width modulation (DPWM)
technique for APFs is proposed, which is insensitive to power line noise and therefore
particularly suitable for industrial environments. Compared to conventional space vector
pulse-width modulation (SVPWM), it better exploits existing hardware, minimizes losses
and allows a doubled switching frequency, reducing the APF high-frequency current ripple
injected into the grid. Finally, a dedicated design procedure for the differential-mode
(DM) LCL filter interfacing the APF with the grid is proposed, accounting for both APF
operating conditions and the compensated load characteristics, thus ensuring compliance

with harmonic distortion standards while minimizing the filter volume, weight and cost.
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Chapter 1

Motivation and Goal of the Work

1.1 Penetration of Grid-Tied Power Converters

According to the recent international technical reports [1], the energy transition toward
electrification is advancing at an accelerated pace, driven by the increasing electrification
of end users in key sectors such as buildings, industry and transport. Indeed, electricity
demand is rising, meeting needs for heating, cooling, mobility, as well as powering motors
and appliances. Instead, final consumption from fossil fuels is expected to decline in the

coming years, even under the most pessimistic scenarios (Fig. 1.1).
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Fig. 1.1 Total final consumption by energy source in buildings, industry and transport by different
scenarios (STEP, APS and NZE), 2023 and 2050. Source: IEA [1].
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This energy gap in electricity request will be primarily filled by generation from
renewable energy sources (RESs), such as solar photovoltaic (PV), hydropower and wind
(Fig. 1.2).

Advanced economies EMDE
25

‘g s B Fossil fuels
5 Low-emissions:
E 20 II Nuclear
2 Other renewables
= 15 M Hydro
| A | Wind
| || m Solar PV

; L]

2023 2030 2023 2030

Fig. 1.2 Electricity generation by source in advanced and emerging (EMDE) economies, 2023 and
2030. Source: IEA [1].

The increasing direct reliance of end users on electricity, together with the expansion of
renewable generation, is driving an exponential growth in the number of power electronic
converters connected to the grid. The rising penetration of power electronics—interfaced
loads and generators pose a challenge to the proper operation of the existing electrical
system not only because of the higher peak power demands that must be managed by the
system operators, but also due to the potential instabilities that the increasing number of

grid-connected converters can introduce.

This section therefore discusses the latest application areas involving grid-interfaced
power electronic converters. Then, the impact of these applications on the operation of the
power system will be investigated in next sections of this chapter.

1.1.1 Renewable Energy Sources

RESs provide a sustainable alternative to fossil fuels, contributing to climate change
mitigation by reducing the carbon dioxide (CO;) emissions (Fig. 1.3). Over the past

decade, the integration of RESs into the electric grid has been increasing globally and the
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transition to clean energy is expected to continue at a rapid pace in the coming years, with
installed capacity projected to double by 2030 compared to current levels. (Fig. 1.3).

Installed capacity (GW) Emissions reductions, 2023-2030 (Gt CO,)
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Fig. 1.3 Global installed capacity of renewables, 2010-2030, and emissions reductions by scenario,
2023-2030. Source: IEA [1].

The most promising RESs are wind and solar energy.

Wind Energy

Wind power plants convert the kinetic energy of the wind into electrical energy by means
of wind turbines. Both onshore and offshore wind farms harness this resource to generate
electricity. The global expansion of wind power has been rapid, driven by technological
advancements, supportive regulatory frameworks and declining costs. Wind turbines can
be deployed across a wide range of terrains, from open plains to coastal waters, providing

a scalable and reliable solution for the ongoing transition to renewable energy [2].

A wind turbine is normally connected to the grid by means of static power converter,
according to the principle scheme of Fig. 1.4 [3]. The turbine blades extract the wind
kinetic energy and make it available to a rotating shaft. The mechanical power flows
through a a gear-box and is delivered to an electric generator (G in Fig. 1.4), which
converts mechanical energy into electrical energy: Finally, a two-stage AC-DC and DC-AC
power converter manages the power flow and adapts the current waveforms injected into

the grid. The DC-AC stage is commonly known as inverter.
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Mechanical Part Power Converter

]

1

1

1

|

1

! Gear-Box AC DC !
! 2 — — I
NnicoinOlp® [T
: I

1

1

1

1

1

Fig. 1.4 Conventional scheme of connection of a wind turbine to the grid by means of a power
converter.

Solar Energy

Solar energy exploits the sun abundant radiation through two primary technologies: PV
panels and concentrated solar power (CSP) systems. PV panels directly convert sunlight
into electricity, while CSP systems focus solar radiation via mirrors or lenses to generate
electricity or produce heat. Continuous technological improvements have dramatically
lowered costs, making solar energy increasingly competitive with conventional energy
sources. Additionally, rooftop solar installations allow households and businesses to
produce electricity on-site, reducing dependence on centralized grids and lowering building

energy expenses [4].

A schematic of a conventional PV plant connected to the grid is shown in Fig. 1.5 [5].
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Fig. 1.5 Conventional scheme of connection of a PV array to the grid by means of a power converter.

Two conversion stages are utilized to connect PV plant to the grid: a first boost DC-DC
stage and an inverter. Depending on the grid configuration, the PV inverter can have either
a single-phase or a three-phase structure. The maximum power point tracking (MPPT)
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algorithm [6] is among the most widely adopted control strategies in PV applications,

ensuring system efficiency > 99 % under steady-state conditions.

1.1.2 High-Power Loads: The Case of Ultra-Fast DC Chargers

Ultra-fast DC chargers constitute a case-study of high-power loads that are rapidly ex-
panding in line with the electrification of the transport sector [1]. In recent years, targeted
governmental policies have been driving the global deployment of public charging stations
to keep pace with the growing electric vehicle (EV) market. The global number of ultra-fast
charging points, with power ratings up to 150 kW, increased by about 50 % between 2023
and 2024 and an exponential growing trend is still expected in the coming years. Indeed,
on a global scale, the public charging capacity for light-duty EVs would need to increase
nearly nine-fold by 2030 to support EV sales implied by current stated policies [7].

Ultra-Fast DC Charger
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Fig. 1.6 Simplified scheme of an unidirectional ultra-fast DC charging system.

Among the EV charging systems, on-board AC chargers have limited power ratings
(£ 22 kW) and are suitable for overnight charging. In contrast, high-power off-board DC
chargers offer higher power ratings, in the range of 50-350 kW. These chargers deliver
DC current directly to the battery pack through a galvanically insulated power converter
installed outside the EV, as shown in Fig. 1.6. The power is drawn from the grid by an
AC-DC converter, known as active front-end (AFE). The next generations of ultra-fast DC
chargers rated at 350 kW and above [8], [9] will provide EV refueling times similar to
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those of gasoline vehicles, thus enabling faster and longer trips with EVs and encouraging

mass-market consumers switch to electric mobility [10].

1.2 Stability of the Electric Grid

1.2.1 Paradigm of Power Systems

The century old paradigm of the electric grid consists in a centralized power generation
from programmable sources (i.e., hydroelectric and thermoelectric power plants) by means
of conventional synchronous generators (SGs), using the transmission lines to deliver the
energy in a unidirectional way, thus balancing the load electricity demand [11]. For a
proper power system operation, SGs must guarantee: constant grid frequency, constant
voltage amplitude, sinusoidal voltage supply with low harmonic distortion and protection
in case of faults. The SGs act to ensure the aforementioned conditions by providing the

so-called grid ancillary services.

Constant Grid Frequency

The power system is designed to ensure the balance between active power demand and
consumption by keeping the grid frequency around its nominal value. When the power
balance is perturbed by generation or load variations, the grid frequency drops or rises.
Conventional SGs operates to minimize these frequency deviations in case of transient

power imbalances with the mechanism described in Fig. 1.7.

During a power imbalance, the kinetic energy stored in SGs plays a pivotal role. Indeed,
when power demand increases or generated power reduces, the SGs rotors speed decreases,
injecting inertial active power into the grid. The SGs inertial response contributes to
raise the frequency nadir (i.e., the minimum frequency value reached during transient)
and mitigating the rate of change of frequency (ROCOF), thus reducing the likelihood of
activating frequency protection relays. After this initial response, which lasts approximately
14 seconds, primary frequency control adjusts the power output from programmable
sources to meet the new load conditions in a time of period of few minutes. Finally,
secondary frequency control restores the nominal frequency (e.g., 50 Hz in Europe and 60

Hz in USA) on a timescale of tens of minutes [11].
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Fig. 1.7 Frequency profile and frequency control steps after a power imbalance due to a generation
reduction or an increased absorption by loads. Source: [12].

Constant Voltage Amplitude

SGs must maintain a stable voltage level for the proper power system operation. Voltage
amplitude must be kept within established standards. Its variations are closely related to
the injection or absorption of reactive power, especially in predominantly inductive power

systems.

Low Harmonic Distortion

The electric grid requires a sinusoidal voltage with low distortion in steady-state conditions.
Indeed, the presence of harmonics and interharmonics in the supply voltage may lead to the
circulation of distorted current components, with subsequent overheating of the supplying
line cables and electrical equipment, increasing risk of triggering of the line protection
devices and malfunctioning of the loads connected to the grid. Due to the above-mentioned
side effects, international standards [13] provide harmonic distortion limitations to mitigate

the adverse impacts of distorted currents on power system.

Owing to their electromechanical construction, SGs are able to generate a voltage with
a very low total harmonic distortion (T'H D). Furthermore, in the event of distorted voltage
on the power lines, SGs inherently inject harmonic currents, thus counteracting the voltage
distortion, as their stator provides a low impedance path for frequency components other

than the fundamental.
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Power System Protection during Faults

The structure of the power system must withstand, detect and clear short circuits. The
power lines are protected by breakers to isolate faulty sections of the grid and clear the
faults. SGs are well suited to trigger such protections, since they inherently inject a fault
current in the event of voltage reduction at their terminals, as it occurred in the case of a
grid short-circuit. The magnitude of the injected current depends on the electrical distance
from the fault location. For faults in close proximity, SGs can inject short circuit currents
several times their rated value (e.g., 5 pu) without triggering their thermal protections, due
to their high thermal time constant. Consequently, they can remain connected to the grid

and ride through the fault, thus contributing to grid stability under abnormal conditions.

1.2.2 Impacts of Renewable Energy Sources on Power Systems

Energy production by RESs offer a sustainable alternative to fossil fuels and is frequently
associated with distributed generation, promoting energy independence for communities
and individuals and reducing reliance on centralized power production, thus minimizing
the risk of outages [14].

On the other hand, RESs can introduce stability challenges to the power system. Indeed,
RES plants rely on static converters for injecting the generated energy into the grid and
inherently lack the inertial capabilities of SGs, which arise from the kinetic energy stored
in their rotating components [15], [16]. The continuous increase in RESs connections to
the electric grid, combined with the simultaneous decommissioning of thermal plants due
to decarbonization policies [1], is leading to a progressive decrease in the total inertia of
power systems. This reduction results in higher ROCOF and lower frequency nadir during

power imbalances (Fig. 1.7), thus compromising the overall grid frequency stability.

Conventional control algorithms for RESs, such as MPPT for PV plants, do not provide
any of the grid ancillary services described above, which therefore remain the exclusive
domain of SGs.

1.2.3 Impacts of High-Power Loads on Power Systems

The energy transition [1] is leading to a rise in high-power, unpredictable and discontinuous

loads connected to the power system, such as ultra-fast DC chargers. The large scale
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deployment of such loads is increasing the daily peak demand on the utility. Moreover,
their complete lack of flexibility and predictability poses significant challenges for the

power system stability.

Most of the issues mentioned above can be mitigated by installing local energy storage
in proximity to, or directly integrated with, such loads [17], [18]. In the case of ultra-fast
DC chargers, local storage can be also provided by the batteries of the EVs being charged,
making bidirectional the DC-DCs interfaced to the EVs and the AC-DC power converter
stage (Active Front End - AFE), as shown in Fig. 1.8.

Ultra-Fast DC Charger
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Fig. 1.8 Simplified scheme of a bidirectional ultra-fast DC charging system with installed local
storage.

Indeed, local storage can serve as an energy reserve that can be made available to
the power system, useful for addressing unexpected large imbalances between power
demand and generation, thus reducing the risk of grid instabilities [19], [20]. Moreover,
the installation of local storage enables full power decoupling between the power drawn by
the end load (such as EVs) and the power drawn from the grid, thus allowing for intra-day
load shifting and minimizing the power flow on transmission and distribution lines [18],
[21].

Local storage can be employed for the same purposes in RES plants, thus decoupling
the generated energy from the energy injected into the grid in accordance with load demand
[22].
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1.2.4 Case Study: The 2025 Iberian Peninsula Blackout

A current and relevant case of a blackout event occurred in Spain and Portugal on April 28,
2025 [23]. Shortly before the blackout, energy production from RESs, such as solar and
wind, was significant throughout Spain (Fig. 1.9). This resulted in the Iberian Peninsula
equivalent total inertia constant H, a parameter related to power system stability [11],

being low, in the range 2.19-2.69 s.

Combined cycle. Pmax = 1100 MW

Coal. Pmax = 350 MW

Hydro. Pmax = 1100 MW

Pump storage. Pmax =910 MW

Solar PV. Production = 2420 MW

Wind. Production = 710 MW

Cogeneration. Production = 400 MW
Thermal RES + small hydro. Prod = 720 MW
Total production = 6800 MW

Demand = 9030 MW

1050 MW

Combined cycle. Pmax = 820 MW
Nuclear. Pmax = 3030 MW

Pump storage. Pmax = 1290 MW
Solar PV. Production = 1260 MW
Wind. Production =110 MW

Solar thermal. Production = 70 MW
Cogeneration. Production = 520 MW
Thermal RES + hydro. Production = 150 MW

Total production = 5960 MW
Demand =7950 MW

Combined cycle. Pmax =760 MW

Nuclear. Pmax = 1000 MW

Solar PV. Production = 12860 MW

Wind. Production = 2810 MW

Solar thermal. Production = 1420 MW
Cogeneration. Production = 280 MW
Thermal RES + hydro. Production = 220 MW
Total production = 19350 MW

Demand = 8260 MW

Fig. 1.9 Geographic distribution of production and load in Spain before the blackout. Source: [23].

Initially, increases in power system electric load were observed, attributed to the loss
of small-scale distributed renewable generation. Subsequently, within a time window of
approximately one minute and twenty seconds prior to the blackout event, cascading losses
of renewable generation occurred, exceeding a total of 4000 MW. As a result, the Spanish
and Portuguese power systems began to lose synchronization with the rest of the European
continental grid, leading to the disconnection of the Iberian system firstly from Morocco

and then from France. This marked the onset of the collapse, which unfolded within just
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a few seconds from the initial loss of synchronism (Fig. 1.10). The currently available
preliminary data indicates that the above-described sequence of events took place after a

voltage increase in the Spanish power system [23].

Frequency [Hz)

SRR ERLRELLLLREL000008
B L8 0 0 ) i L i L0 e LD 1 i B Ll i D D D

- wl a5 Ll ]
P i o7 ' P
o7 o? w? o? o

Time [UTC+02]

= Carmona (ES) - Frequency == Bassecourt ICH) - Frequency Carmona [ES) - Voltage Magnitude  ==: Upper Violtage Limit (435 kvl == Lower Violtage Limit (360 kv)

Fig. 1.10 Evolution of the frequency (blue curve) and the voltage (red curve) in Spain and of the
frequency in the rest of Continental Europe (green curve) during the incident. Source: [23].

The Iberian Peninsula blackout is a concrete demonstration of how the decommission-
ing of thermal power plants, together with the increasing penetration of converter-interfaced
RESs, is reducing the total power system inertia, thus compromising the stability of the grid.
According to recent technical reports [15], the equivalent total inertia constant H of power
systems in various European countries is expected to decrease below the critical value of 2
s, compared with the desired ideal value of over 4 s (Fig. 1.11). This is expected to result
in a higher frequency of catastrophic events, such as the Iberian Peninsula blackout, if no

measures are taken.

Moreover, the proliferation of unpredictable and intermittent high-power loads asso-
ciated with the energy transition process, such as ultra-fast DC chargers, will constitute
additional perturbing factors, further weakening power system stability.
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Inertia contribution colouring code:

* Green H=4s Very good contribution
. 3s<H<4s contribution

* Orange 2s<H<3s Marginal contribution
* Red H<2s Limited contribution

Fig. 1.11 Indicating expected contribution of each transmission system operator (TSO) in Europe
to the power system equivalent total inertia constant H by 2030. Source: [15].

1.3 Ancillary Services Through Static Converters

To ensure the stability of future power systems and avoid frequent disruptions in the
grid, RES plants will need to be enabled to provide ancillary services similarly to SGs.
Regulatory authorities and transmission system operators (TSOs) across various countries
are actively moving in this direction to enable RES plants to contribute to grid support
[15], [16], [24], [25].

Nevertheless, even high-power loads with installed local storage can play a role, actively
contributing to grid stability by making part of the stored energy available to the TSO.
Indeed, the presence of local storage with installed bidirectional hardware enables these
loads to also participate in the provision of ancillary services. For these users, such as
the EV charging station operators, the provision of ancillary services can represent an
additional source of revenue, achieved by exploiting the already installed hardware, after
mutual agreement with the TSO [24], [25], [26], [27]. More specifically, solutions reported
in the literature have demonstrated that ultra-fast DC chargers can be enabled to provide
the full spectrum of grid ancillary services, including primary frequency regulation [28],
[29], [30], voltage regulation [19], [29], [30], [31], inertial support [28], [29], [30], [31],

fault current injection [31] and harmonic compensation [30], [31].

This section thus introduces two well-known solutions in the field of grid-tied power

converters, aimed at enabling the partial or full provision of grid ancillary services and
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improving power quality through static converters, i.e., the virtual synchronous machine
(VSM) control algorithms and the active power filters (APFs).

1.3.1 Virtual Synchronous Machines

The concept of VSM consists in implementing into the grid-tied inverter control unit a
dedicated algorithm that enables the static converter to emulate the behavior of SGs [32].
This approach ensures the converter capability to provide the full spectrum of ancillary
services, i.e., grid frequency and voltage regulation, inertial support, short-circuit current
injection during faults and harmonic compensation. Indeed, a VSM-driven inverter can
preserve the advantageous characteristics of traditional SGs, such as the inherent provision
of ancillary services, while potentially overcoming some of their limitations. For instance,
a VSM is fully tunable to meet specific application requirements, while physical parameters

in SGs, such as the inertia constant H, are not adjustable.

Over the past 15 years, numerous different solutions of VSMs have been proposed in

the literature, each providing distinct operational characteristics [33], [34].

1.3.2 Active Power Filters

APFs are an effective solution for mitigating the issue of distorted currents injected into the
grid by non-linear loads, such as diode or thyristor front-end rectifiers [35], [36], [37]. The
distorted current components lead to an overall increase in the RMS current drawn from the
grid, resulting in overheating of the supply cables, a higher risk of triggering line protection
devices and potential interference with nearby sensitive electronic equipment. APFs
are thus able to perform the harmonic compensation ancillary service by canceling the
harmonic distortion and making the power system compliant with international regulations
[13].

Among the various types of APFs, shunt-type APFs are the most industrialized [38].
They are connected in parallel to the distorted load, thus injecting non-sinusoidal currents
to make the overall grid current sinusoidal at unity power factor.
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1.4 Goal of the Thesis

The goal of this PhD thesis is the design of control strategies that enable grid-tied inverters
to provide grid ancillary services, thus making them more grid-friendly, rather than posing
challenges to the grid stability. To this end, both algorithms related to VSMs and APFs
control have been developed. Nevertheless, certain aspects more closely related to the
hardware design of grid-tied inverters have been investigated, with the aim of establishing

component design procedures.

The research activities presented in the thesis have mainly focused on developing
solutions aimed at enhancing the reliability and field performance of grid-tied inverters
in industrial applications. All the investigated control and hardware solutions have been
implemented in industrial products of Prima Electro S.p.A., the company that has funded

the industrial PhD program.

1.5 Thesis Outline & Main Contributions

This thesis is structured into two main parts: one focusing on the VSM concept and the

other on APF applications.

Virtual Synchronous Machines

The first part (Chapters 2, 3 and 4) deals with the VSM concept:

* Chapter 2: This chapter is a general introduction, where the nomenclature adopted
in the following chapters is introduced. Moreover, VSM models available in the
literature are described and classified according to their operating principle. A
conventional VSM model is also presented, highlighting the main features common

to the various VSM implementations;

* Chapter 3: This chapter investigates the power coupling phenomenon in VSM
models, a relevant issue especially for high-power loads that employ their hardware
to provide ancillary services through the implementation of VSMs in their AFE
units. Indeed, the power coupling phenomenon causes a reactive power injection

when the AFE is requested to provide a grid ancillary service associated with active
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power provision and vice versa. This leads to unnecessary current overstress on
the installed hardware and can result in the propagation of power fluctuations from
the AFE AC-side to the DC-stage and, consequently, to the DC-connected batteries,
potentially reducing their lifetime. A straightforward feedforward-based solution
directly implemented in the VSM model is thus proposed to ensure complete active-
reactive power decoupling while the AFE provides grid support [C4], [J3];

* Chapter 4: This chapter addresses the topic of grid impedance estimation in VSM-
driven inverters. The knowledge of the grid impedance is essential for the proper
tuning of the main functional blocks of a VSM algorithm and of the inverter current
controllers, thus ensuring the correct provision of grid ancillary services. The
grid impedance estimation methods available in the literature have been primarily
developed for grid-following power converters. When applied to VSM applications,
these approaches are typically adapted and therefore exhibit certain limitations. This
chapter thus proposes a dedicated VSM-based grid impedance estimator that can be
integrated into any VSM model, inherently rejecting measurement noise typically
present on power lines in industrial environments and fully tunable with respect to
the desired estimation time and accuracy [C1], [C2], [J2].

Active Power Filters

The second part (Chapters 5, 6, and 7) focuses on innovative control and hardware solutions
for applications in the field of APFs:

* Chapter 5: The chapter introduces the nomenclature adopted in the following chap-
ters, presents the control algorithm of the APF used in the experimental validation
tests and describes the industrial case study considered in this thesis, i.e., the installa-
tion of APFs in a production facility, operating in parallel with regenerative systems
used for the final functional testing of AC—AC power converters;

* Chapter 6: This chapter presents a dedicated discontinuous pulse-width modulation
(DPWM) technique for APFs. Compared to other solutions reported in the literature,
the proposed method is insensitive to the noise circulating on the power lines and
acquired by the current sensors of the APF. This makes it particularly suitable for
APFs installed in industrial environments, such as production facilities, where current

and voltage disturbances are normally present. Moreover, compared to conventional
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space vector pulse-width modulation (SVPWM), the proposed technique allows
better exploitation of the existing hardware, minimizing losses in power devices and
enabling the switching frequency to be doubled, thus reducing the high-frequency
current ripple injected into the grid by the APF due to converter switching [C3], [J1];

* Chapter 7: This chapter proposes a dedicated design procedure for the differential-
mode (DM) LCL filter used to interface the APF with the grid. Unlike previous
methods reported in the literature, the proposed design methodology takes into
account not only the operating conditions of the APF but also the characteristics of
the compensated non-linear load. In this way, the current distortion standards at the
point of common coupling (PCC), where both the APF and the compensated load
are connected, are met, while the filter volume, weight and cost are minimized [J1].

The thesis ends with Chapter 8, which outlines the main conclusions and directions

for future work.
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[T1] D. Lanfranco, Design of Active Power Filters for Power Quality Improvement, 2024.
Supervisors: F. Mandrile (Politecnico di Torino), A. Roveri (Prima Electro S.p.A.).

[T2] G. Imperiale, Real-Time Grid Parameters Estimation for Stability Improvement of
Ultra-Fast Charging Stations, 2024. Supervisors: R. Bojoi (Politecnico di Torino),
A. Roveri (Prima Electro S.p.A).






Chapter 2
Virtual Synchronous Machines

This chapter consists of the following sections containing:

* Description of the reference hardware for VSM implementation, suitable for both
RES generation plants and industrial load applications, such as the AFE of an
ultra-fast DC charger;

* Investigation and systematic classification of the various VSM solutions reported in

the literature, based on their implementation characteristics;

* Proposal of a conventional VSM model with analysis of the features commonly
shared across different VSM implementations. This model will be integrated with
the additional VSM features developed in this thesis, which will be presented in the
subsequent chapters.

2.1 General Structure of the Hardware on Study

The reference hardware employed to study and implement the VSM solutions is presented
in Fig. 2.1. The power converter is interfaced to the grid through an LCL filter, which
represents the conventional approach for interfacing static converters to the grid [39]. The
filter consists of an inverter-side inductor L ¢, a filter capacitor C; with in series a damping
resistor Ry and a grid-side inductor L s,. The inverter is supplied by an ideal DC source,
which can represents both the generation from RESs (Fig. 1.4 and Fig. 1.5) or the local
storage in a high-power load (Fig. 1.8). By idealizing the DC-side, the discussion can be
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Fig. 2.1 Hardware block scheme for the considered VSM solutions.

thus focused on the control of the grid-tied inverter. The grid is modeled as an equivalent

Thevenin circuit with a grid inductance L, and resistance Ry.

In the described system, e, and i, are respectively the equivalent Thevenin grid voltage
and current, v, is the grid measured voltage across the filter capacitor branch, while i; is
the measured inverter output current.

The inverter control provides the commands g™ to the inverter switches, according
to the external setpoints and the measured current and voltage feedback. The inverter
control consists of the VSM algorithm, optional current and/or voltage regulators and the
pulse-width modulator (PWM).

2.2 Current-Source and Voltage-Source VSMs

As shown in Fig. 2.2 and Fig. 2.3, a VSM algorithm is a higher-level controller, which
receives as inputs the power references P;-Q; and either the measured grid voltage v,
(Fig. 2.2) or the inverter output current i; (Fig. 2.3), thus providing the current i; (Fig. 2.2)
or voltage v (Fig. 2.3) references to the lower-level inverter controller [40]. Depending
on whether the VSM provides i:.‘ or v;. to the inverter controller, it can be defined as a

current-source or voltage-source VSM.
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Fig. 2.2 Control scheme of a grid-tied inverter embedded with generic current source VSM. The
VSM receives as inputs power references Pj-Q;, and the measured grid voltage v, thus providing
the output current reference i’ to the inverter lower control level, consisting in a current regulator.
The computed voltage reference v* is thus the input of the pulse-width modulator (PWM), which
finally provides the commands ¢* to the inverter switches.

2.2.1 Current-Source VSMs

In current-source VSMs (Fig. 2.2), the inverter lower-level controller consists of a current
regulator, which computes the inverter voltage reference v*, that is then converted into
the switching commands ¢* by the PWM block. Some examples of this type of VSM
configuration are the first VSG model proposed in 2007, i.e., the VISMA [41], its first
simplified version VISMA 1 [42], the SPC [43], the VSYNC [44], the KHI [45], the S-VSC
[46] and the latest version of Synchronverter [47].

2.2.2 Voltage-Source VSMs

On the other hand, voltage-source VSM models (Fig. 2.3) can be further classified accord-
ing to the management of the VSM voltage output reference by the inverter lower control
level. In some models, the lower-level control is not implemented, resulting in an open
loop voltage control, as in the original Synchroconverter [48], the Osaka model [49] and
the VISMA 1I variant [50]. Otherwise, as in CVSM [51] a cascaded dual loop control can

be implemented. The first voltage loop compares the VSM reference voltage v with v,
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Fig. 2.3 Control scheme of a grid-tied inverter embedded with generic voltage source VSM. The
VSM receives as inputs power references P;,-Q; and the measured inverter output current i;, thus
providing the grid voltage reference v;. to the inverter lower control level, wich can consist in
an open loop voltage control (a) or in a cascaded dual loop voltage and current control (b). The
computed voltage reference v* is thus the input of the pulse-width modulator (PWM), which finally
provides the commands g* to the inverter switches.

to generate i*, which is then tracked by means of a current regulator, whose output v* is
provided to the PWM block.

As can be observed by comparing Fig. 2.2 and Fig. 2.3, current-source and voltage-
source VSMs differ only in terms of implementation. Indeed, both are capable of providing
the same functionalities related to active and reactive power control, which will be exhaus-

tively detailed in the following section of this chapter.

2.3 Conventional VSM Model

The conventional VSM model adopted in this thesis is the current-source VSM depicted in
Fig. 2.4. The VSM provides its computed current i, as current reference i; to the inverter

controller, thus injecting the desired active and reactive powers P,-Q, into the grid.

The VSM model consists of the following functional blocks:
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Fig. 2.4 Control scheme of the adopted current-source VSM model.

* Virtual Power Calculation: This block computes the VSM virtual powers P, and
Q, by multiplying the VSM virtual current 7, with the measured grid voltage v.;

* Mechanical emulation: It emulates the mechanical behavior of the VSM, by

embedding the swing equation of conventional SGs [11]:

« dw
Py ~Py=2H— 2.1)

where H is the inertia constant and w is the virtual rotor speed.

Furthermore, any of the damping solutions in the literature must be integrated into
this block to suppress the low frequency oscillations [43], [52], [53];

» Excitation Control: This function receives as inputs the reactive power reference
Q; and the virtual reactive power Q,, providing as output the excitation flux 4.,
which is thus regulated to provide the desired reactive power exchange with the grid.
Different design solutions are available in the literature for the excitation control
feature, such as the excitation winding model of a real SG [41], a simple droop-based
proportional gain controller [54], a purely integral [46] or proportional-integral [43]

regulator, a feedforward-based solution [55];

* Electrical Equations: The resistive and inductive behavior of the VSM stator is

emulated by implementing a virtual inductance L, and resistance R,. The electric
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Fig. 2.5 Single phase electrical circuit of the VSM interfaced to the grid [57].

model receives as inputs v, the resulting virtual rotor speed w and excitation flux 4,
and the virtual rotor position 6.

The presented VSM model does not embed active-reactive droop controllers to perform
primary frequency and voltage regulation features. Nevertheless, these functionalities can
be enabled by simply implementing two external proportional regulators, thus generating
the droop references P’ and Q’; to be added to Py and Q7 as in [56]:

pr=2 2.2)
bP
| ¥
A 2.3
Qd bq ( )

where w* and V: are the grid speed and voltage amplitude references, while b, and b, are
the droop coefficients.

The single phase equivalent circuit of the conventional VSM interfacing the grid is
depicted in Fig. 2.5. Since the internal current controller response is several order of
magnitude faster than the one of the VSM algorithm, its transfer function can be ideally
assumed with a unity gain during the discussion. Consequently, the inverter output current
i; is considered equal to the reference i = i,, while the inverter output powers P; and Q;

are assumed equal to the virtual powers P, and Q,.

The proposed VSM conventional model serves as the foundation for the following
discussion. It will be integrated with the innovative algorithms related to VSMs, which are
presented in the subsequent Chapters 3 and 4.



Chapter 3

Power Decoupling Methods for VSMs
during Grid Support

This chapter aims to propose an active—reactive power decoupling solution directly inte-

grated into the VSM algorithm, thus enhancing the provision of grid ancillary services by

VSM-driven inverters under all operating conditions. An outline of the chapter is provided

below:

* The introductory section provides a detailed discussion of the power coupling issue

in VSM applications, emphasizing its impact on the quality of ancillary services

provision. Existing power decoupling strategies for grid-forming power converters

reported in the literature are then reviewed, highlighting their limitations and thus

motivating the development of a decoupling algorithm specifically designed to

improve the grid support provision by VSMs;

* The conventional VSM of Chapter 2 is enhanced with the proposed decoupling

solution;

* The VSM linearized electrical model used to investigate the P-Q coupling issue is

obtained. It serves as the basis for deriving the presented decoupling method. Then,

the operation of the proposed decoupling solution is explained in detail;

* The sensitivity of the proposed decoupling algorithm to the grid parameters is

investigated;
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* The operation of the S-VSC, i.e., the implemented VSM model used for the experi-

mental validation of the proposed decoupling solution, is described in detail;

* Experimental results are provided, thus validating the proposed method in performing
the decoupling during inertial support and grid faults. Moreover, the power coupling
suppression during power transients due to variation of VSM power references is

investigated;

* A final section provides the conclusions and highlights the main contributions.

The results of this chapter are presented in the publications [57] and [58].

3.1 Power Coupling Issue in VSMs

The control algorithms designed for grid-forming power converters (e.g., VSMs) typically
rely on the assumptions that active power linearly depends on the load angle (P-6) and
that reactive power depends solely on the voltage amplitude (Q-V) [11]. This assumption
holds true in the case of a purely inductive transmission line and a VSM operating with
small load angle. However, in many practical scenarios, such as low-voltage networks and
microgrids, the grid and VSM resistances, as well as the load angle, cannot be neglected.
Consequently, the active and reactive power are coupled (i.e., a variation in active power
also induces a change in reactive power and vice versa) [59]. The main consequences
include degraded dynamic performance, steady-state errors and an increased risk of system
instability.

Moreover, the VSM capability in providing dynamic ancillary services, such as inertial
support or fault current injection, is affected as well. Indeed, a larger amount of current
is required to provide grid transient support. Furthermore, an additive fluctuating power
flow can propagate from the grid to the DC-side of the inverter. Such oscillatory power
behavior may adversely affect the lifespan of batteries, including those in EVs in the case
of ultra-fast DC charging applications [19], [60], which are connected to the DC-side
of the inverter as illustrated in Fig. 1.8. Consequently, particularly in the case of VSMs
implemented in the AFEs of high-power loads, the integration of decoupling solutions
must be considered to limit current stress on the hardware and to prevent ancillary services
provision from interfering with the primary function of the application, e.g., the charging

process.
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To address the coupling issue, numerous power decoupling solutions have been pro-
posed in the literature for grid-forming power converters, such as VSM-driven inverters
[61], [62], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74]. The virtual
impedance method [61], [62], [63], [64] is one of the most widely adopted solutions.
However, its decoupling capability is limited, as demonstrated in [63]. Furthermore, this
method only compensates for the coupling due to the line resistive behavior, while the
error introduced by the small load angle assumption is not considered [59]. In addition, it
ensures decoupling only under steady-state conditions, as is also the case for the virtual
power method [64], [65] and the feedforward-based algorithms in [66], [67], [68].

More recent works have specifically addressed the issue of dynamic power coupling
in VSM controls [69], [70], [71], [72], [73], [74]. The VSM model proposed in [69] aims
to mitigate the impact of reactive power variations on active power control. However, the
reverse coupling is not considered. In addition, the compensation achieved is only partial,
since the line is assumed to be purely inductive and only the deviation caused by large load
angle is addressed. Instead, the method in [70] embeds the excitation control loop with
a grid voltage estimator, which compensates for the line voltage drop and decouples the

reactive power from the active power response.

Other recent works have introduced feedforward terms into the VSM active loop [71],
[72] to enhance the VSM dynamic response. However, these methods primarily focus on
improving power reference tracking and oscillation damping, while the power coupling
phenomena are only treated as a secondary aspect. A VSM model combining a simplified
virtual steady-state impedance with a current reference modification is proposed in [73]
to mitigate power coupling. While this approach ensures both active and reactive power
decoupling, it is tailored to a specific VSM model in which the virtual admittance is
algebraically implemented. An enhanced feedforward-based method is proposed in [74],
achieving full active-reactive decoupling, while immunity to grid impedance deviations
is ensured through a power coupling observer. However, the accuracy of the algorithm is
limited by errors in load angle estimation. In conclusion, all the aforementioned methods
address power coupling primarily to improve VSM dynamic response and converter
stability, without assessing its impact on the provision of ancillary services, such as inertial

support or fault current injection.

Motivated by the lack of discussion on this topic in the literature, a straightforward
decoupling solution, based on the implementation of feedforward terms in the conventional
VSM model (Fig. 2.4) is presented in this chapter. The proposed solution ensures complete
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active—reactive power dynamic decoupling while providing grid support, offering the
following advantages:

* Feedforward terms are integrated into the VSM excitation control loop to cancel
the reactive power injection during grid frequency deviation events. As a result, the

current stress on the AFE during inertial support is minimized;

* The implementation of decoupling terms in the VSM swing equation (2.1) eliminates
active power fluctuations, which could otherwise propagate from the AC-side to the
DC-stage during reactive power support in the event of grid faults, thus potentially

degrading the batteries connected to the DC-side.

Nevertheless, the designed algorithm guarantees a fully decoupled dynamic response in
the case of VSM power reference variations. This method has a high degree of generality, as
it can be implemented in any VSM with excitation control loop and mechanical emulation
block, such as the conventional VSM model described in Chapter 2.

3.2 VSM Embedded with the Proposed Decoupling Algo-

rithm

The conventional VSM model of Chapter 2 embedded with the proposed feedforward
decoupling solution is depicted in the block diagram of Fig. 3.1.

Compared to the conventional VSM model, the following blocks are added:

* Q-Decoupling: This block cancels reactive power deviations caused by active power
transients. Specifically, it computes the feedforward term A, 4., which is added
to the excitation flux 1% computed by the excitation control. The term A, is thus
obtained and used as input for the VSM electrical model,;

* P-Decoupling: This feature mitigates active power deviations induced by reactive
power transients. In particular, it calculates the feedforward term wg,., which is
added to the virtual rotor speed w® computed by the mechanical emulator. The term
w 1s thus yielded and provided as input to the VSM electrical model.

The two algorithms are alternately enabled or disabled via the external command ¢ 4.
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Fig. 3.1 Control scheme of the conventional VSM model embedded with the proposed feedforward-
based power decoupling algorithm.

3.3 Proposed Decoupling Algorithm

The steady-state equivalent circuit in the (d,q) reference frame rotating at w is obtained by

neglecting the derivatives of currents and fluxes, as illustrated in Fig. 3.2. In the proposed

model, A, is aligned with the d-axis (Fig. 3.3), while the VSM is assumed to operate under

nominal conditions, i.e., w = A, ~ 1 pu. The grid inductance L, and the grid-side LCL

filter inductance L 7, can be combined into an equivalent series inductance L, .. Under

these assumptions, the steady-state VSM and grid electrical equations in the (d,q) reference

frame are given by (3.1)—(3.4):

Ve d = U)Lviv,q - Rviv,d

Veg = wAde —wLyiy g — Ryiy 4

3.1

(3.2)
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Fig. 3.2 Steady-state equivalent circuit in the (d,q) reference frame rotating at w. Cy is neglected
and an equivalent Ly ., = Ly + L, is considered [57].

Fig. 3.3 Vector diagram of the VSM excitation flux 4., the VSM electromotive force jwd,, the
measured voltage v, the grid voltage e, and the virtual current i, in the adopted (d,q) reference
frame rotating at w. ¢ is the load angle, while vy is the phase shift between i, and jwA. [75].

€od = a)Lg eql'g,q — Rgig,d +Ved 3.3)

€gqg=—WLg eqigd —Rgigq+vey (3.4)

The grid current i, can be approximated as equal to i, by neglecting the LCL filter
capacitance Cr [39]. Consequently, the equivalent g-axis electrical equation is obtained by
combining (3.2) and (3.4):

€gq = wAe —WLiptly g — Rloliv,q 3.5

where the total system inductance L, is given by the sum of L, and L, ., while the total

resistance Ry, 1s the sum of R, and R,.
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3.3.1 Excitation Flux Feedforward

The g-axis electrical model given in (3.5) is linearized around the system operating point
as follows:

Aegcosd —egsindAd = Awd, + Alow — AwLiosiy g — WLt ALy g — RiorAlly 4 (3.6)

where ¢ is the load angle.

For small speed variations around the operating point, with low reactive current in-
jection into the grid, the term AwL,,,i, 4 can be considered negligible. The term sin5A¢
depends on both the load angle (sind) and its deviation (A9). It is therefore significantly
smaller than the other terms associated with w and A,. In case of stable grid voltage

amplitude (Aeg ~ 0), the g-axis linearized equation is simplified as:

A(,()/le + A/le(l) — (L)L[U[Al.v,d — R[U[Al.v,q =0 (37)

The relationship between the virtual speed, the excitation flux and the VSM current
variations is thus established. Furthermore, the roles of the virtual and real impedances in

the power coupling phenomenon are highlighted.

Since A, is aligned with the d-axis, v, is predominantly oriented along the g-axis
(Fig. 3.3). Consequently, the active power depends primarily on the i, ;, current component
(i.e., Py = v¢q4-iy4), While the reactive power depends on i, 4 (i.€., Oy ® V¢ 4 iy 4). During
variations of P,—i, 4, such as those occurring in inertial support, undesired Q,—i, 4 com-
ponents may be injected into the grid, as indicated by (3.7). This effect can be mitigated
by introducing a feedforward term A, 4., to the excitation flux, thus limiting deviations in
iy 4 and, consequently, the reactive power injection. The feedforward term is derived from

(3.7) by enforcing Ai, 4 ~ 0 and assuming w ~ 1, ~ 1 pu:

Ae,dec =-Aw+ Rl‘ol‘Aiv,q (38)

The term A, 4. compensates for power coupling arising from the total system resistance

and speed variations, and, consequently, from transient deviations in the load angle.
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3.3.2 Speed Feedforward

Similar to the previous subsection, the Q,—i, 4 injection during grid support under fault
conditions induces undesired P,—i, , variations. However, e, varies significantly during
voltage dips or swells, invalidating the main assumptions of (3.7) and rendering it unsuit-
able for computing a P-decoupling term. Nevertheless, an equivalent speed feedforward
term can be derived by linearizing and simplifying the q-axis VSM electrical equation
(3.2):

Ave g =Awd, + Adew —wL,Ai, 4 — R,AiL, 4 (3.9)

The decoupling term is derived by enforcing Ai, , ~ 0 and assuming w ~ 4, ~ 1 pu:

Waee = Ave g — Ao+ L,AL 4 (3.10)

where Av. , compensates for grid voltage variations, while the remaining terms mitigate
the P—Q coupling within the VSM.

3.3.3 Decoupling Feature Selection

Both wge. and A, 4. mitigate P-Q coupling by reducing the mutual i, 4—i, , interaction
and their dependence on virtual speed, excitation flux and grid voltage on the g-axis.
Consequently, the two decoupling algorithms cannot be enabled simultaneously, as doing so
would result in mutual interference and potential VSM instability. The desired decoupling

function is selected via the external command ¢ ge.:

* Q-decoupling: It is enabled by setting g4, = 1. It limits the Q, deviation during
active power transients, such as the provision of inertial support, or variations in
the inverter active power reference P;. To achieve this, the additional term A, g, is
added to the excitation flux A0 provided by the excitation control (Fig 3.1);

* P-decoupling: It is enabled when g 4. = 0 and effectively suppresses P, fluctuations
during reactive power transients, such as in the event of grid faults or variations in
Q;. The feedforward term wge. 1s added to Y, which is computed from the swing

equation (2.1) in the mechanical emulator block (Fig 3.1).
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The proposed decoupling algorithm is depicted in the flowchart of Fig. 3.4. The
decoupling feature selection (either P-decoupling or Q-decoupling) can be executed in real
time at each sampling period 7 by updating the decoupling variable g ... The VSM initial
condition values i, ;, V¢, de;, w; are thus saved and used to compute the small-signal
deviation terms Ai, 4, Ai, 4, Av. 4, Ad. and Aw. Accordingly, the decoupled terms wge.-
Ae dec are obtained by linearizing the VSM model around the updated steady-state operating
point. Furthermore, when the corresponding decoupling algorithm is disabled, the reference
values 19-w? are enforced to be equal to A.-w. In this way, the feedforward residuals are
directly integrated into the outputs of the VSM electromechanical blocks, thus ensuring
continuity in both the excitation flux and the virtual speed computation. Furthermore,
the system initial values are periodically refreshed and the decoupling algorithms are
reinitialized even when a steady-state condition is maintained for a predefined duration
(e.g.,0.1s).

3.4 Algorithm Sensitivity to Grid Impedance Estimation

While the P-decoupling feedforward term wg.. remains unaffected by the grid impedance,
the Q-decoupling component A, g 1$ sensitive to the accuracy of the grid resistance R,
estimation according to (3.8). Therefore, an accurate online computation of R, is required
to achieve full compensation of the reactive power coupling. To this end, several techniques
for grid impedance estimation have been proposed in the literature [76], enabling real-time
updates of the Q-decoupling algorithm. The reactive current error term, denoted as A, 4 ¢y,
arising from an incorrect estimation of R, can be analytically derived from (3.7). Its
expression is given by:

Aiv,d,err = —gAiv,q (3.1D)

where ﬁg is the estimated grid resistance.

This spurious current component is influenced by the grid parameters, the error in the
grid resistance estimation, the VSM inductance and the magnitude of the active current
deviation Ai, ;. Considering that P, ~ v, i, 4 and Q, ~ v, -iy 4, the ratio between the
excess reactive power AQ, .- and the active power deviation AP, can be computed from
(3.11).
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Fig. 3.4 Flowchart of the proposed power decoupling algorithm executed at sampling period k.
T is the sampling time [57].
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Fig. 3.5 Extra reactive power AQ, ., injected into the grid when an active power variation AP,
occurs and Q-decoupling algorithm is not performed. The x-axis is in logarithmic scale [57].

This ratio can be expressed as a function of the short-circuit ratio (SCR), the X /R ratio,

the virtual inductance L, and the relative resistance estimation error ez, = (R, — Ry) /Ry

AQv,err _ ERg

APv (X)L, SCRy1+(X)2

The uncompensated reactive power is thus proportional to AP, and linearly dependent
on €g,, while it decreases when the VSM is connected to a low-impedance grid (high SCR)

(3.12)

with predominantly inductive characteristics (high X/R). Therefore, special attention is
required in the case of operation in ultra-weak or highly resistive grid conditions.

When an active power variation occurs and the Q-decoupling is disabled, the corre-
sponding drawn reactive power can be calculated from (3.12) by setting I§g =0, which

results in €R, = -1:

= ! (3.13)

Q-dec OFF (%)+LV~SCR 1 +(%)2

The variation of |AQv,err / APV| O—dec OFF 352 function of the X /R ratio for different
SCR values is illustrated in Fig. 3.5. The VSM virtual inductance L, is user-defined and it

AQy.err
AP,
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Fig. 3.6 S-VSC block control scheme [56].

is set to a typical value of 0.1 pu in this case study. In case of a weak and predominantly
resistive grid with SCR = 10 and X/R = 0.1, the undesired reactive power resulting
from the coupling effect is nearly equal in magnitude to the active power variation, with
AQ, err = —=0.9-AP,. Conversely, the power coupling effect becomes negligible when the
SCR exceeds 100 or the X /R ratio is greater than 10.

3.5 Implemented VSM Model

To perform experimental validation, the proposed decoupling solution is integrated into
the VSM model known as S-VSC, a current-source VSM implemented at the Politecnico
di Torino [46], [56]. A block diagram of the S-VSC is presented in Fig. 3.6. The main
functional blocks of the S-VSC are analogous to those of the conventional VSM model

described in Chapter 2.

The distinctive feature of the S-VSC is that it is implemented as an add-on feature
operating in parallel with the conventional inverter current control structure. The latter
includes a Power-to-Current block, which computes the current regulator reference i,
based on the active and reactive power setpoints P, and Q ., together with the grid voltage
v [46]. In this way, the S-VSC can operate in two distinct modes: virtual synchronous
generator (VSG) (Fig. 3.7) or virtual synchronous compensator (VSC) (Fig. 3.8). In
VSG mode the reference power P* - Q* are provided as inputs to the VSM model by
imposing P, = P* and Q; = Q*. Conversely, Py,; = Qg = 0, resulting in iz, = 0 and
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Fig. 3.8 Scheme of the S-VSC in VSC mode [77].

the inverter reference current Z; is thus equal to i,. In this operating mode, the VSM
model is responsible for providing dynamic support to the grid as well as managing the
active—reactive power exchange. On the other hand, in VSC mode the S-VSC power
references P; - Q; are kept equal to zero and the VSM is therefore active only during
transient conditions to ensure the provision of grid services, such as inertial support and
fault current injection, while remaining inoperative during steady-state operation. Instead,
the continuous power exchange with the grid is managed by the conventional inverter
control structure, by imposing Py.; = P* and Q.; = Q™. In this operating mode, the inverter
reference current i; is thus equal to the sum of the two terms i, and iy,,.
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Fig. 3.9 Picture of the experimental setup [57].

The VSC mode is particularly suitable for VSM applications on high-power loads, such
as ultra-fast DC chargers, where the charging operation represents the core functionality
of the infrastructure and may require high-speed dynamics that can only be ensured by
the traditional inverter current control on the millisecond timescale. Indeed, VSMs are
normally tuned to ensure a dynamic response similar to that of SGs, i.e., on the order of
hundreds of milliseconds to seconds.

In this work, since the S-VSC operating in VSG mode is, from an implementation
standpoint, closer to the other current-source VSM models in the literature, this configura-
tion was adopted for the experimental validation to provide a generalized framework for
analyzing the proposed power decoupling algorithm.

3.6 Experimental Validation

The proposed feedforward decoupling algorithm was experimentally validated on a 15
kVA three-phase two-level inverter controlled by a dSPACE 1005 platform with switching
fsw and sampling f; frequencies of 10 kHz. A picture of the experimental setup is shown
in Fig. 3.9, while the corresponding system configuration is outlined in the block diagram
of Fig. 3.10. The inverter is interfaced with a 50 kVA grid emulator through an LCL
filter, which provides a 50 Hz, 120 Vs phase voltage. The inverter DC-side is powered
by a constant DC source, emulating a locally installed energy storage system. As grid
impedance, a three-phase inductor and a three-phase resistor are inserted between the

power converter and the grid emulator. The grid equivalent inductance is thus Lg .4 =
Lo+ Lg=0.046 pu, SCR=7.58 and X/R = 0.37.
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Fig. 3.10 Scheme of the system configuration used for tests.

As explained in the previous section, the S-VSC [46] is implemented in its VSG
mode. Moreover, it is integrated with the VSM damping solution proposed in [53] to
suppress VSM speed oscillations. The excitation control consists of an integral regulator.
Consequently, the reactive power control behaves as a first-order system with a tunable

excitation time constant 7.

The inverter nominal data, LCL filter and grid parameters, as well as the VSM parame-

ters, are summarized in Table 3.1.

Five experimental tests were conducted to validate the proposed decoupling method:

» Test 1: The VSM inertial response is evaluated. The inverter is absorbing an active
power P; = P}, = —0.25 pu from the grid to store energy into the DC source when
a triangular frequency variation in the range 49.5-50.5 Hz with a period of 2 s
is imposed by the grid emulator. The inverter is expected to provide additional
active power according to the VSM tuning and the frequency deviation. In contrast,
the desired inverter reactive power Q; is null. The effectiveness of the proposed
decoupling algorithm in suppressing reactive power injection without affecting the

inertial response is thereby demonstrated;

» Test 2: A grid frequency drop is imposed by the grid emulator to simulate a signifi-
cant power imbalance during active power absorption by the inverter (P; = P, = —0.5
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Table 3.1 Main data of the experimental setup [57].

Base Values Inverter VSM LCL Filter & Grid
Sy I5kVA S, I5SkVA L, 0.1 pu L¢ 0.059 pu
Vy 170V 1, 599A Ry 0.02pu Cg 0.020 pu
fh 50Hz Vg4 330V H 4s Lig 0.013 pu
7y, 29Q  fyy 10kHz ¢ 0.7 L, 0.033 pu
Ly 92mH f 10kHz +. 0.1-1s Ry 0.124 pu
Cy 1.1 mF

pu). The performance of the reactive power decoupling is then evaluated under this
severe grid perturbation;

Test 3: A 10 % voltage dip is applied by the grid emulator while the inverter operates
in idle mode (P; = Q;, = 0). This condition is expected to induce a reactive fault
current. Simultaneously, the P-decoupling algorithm mitigates power fluctuations
that could otherwise propagate to the DC-link, preventing undesired rapid charging
and discharging of the DC-side connected storage;

Test 4: The advantages of the proposed P—Q decoupling solution are assessed during
the normal dynamic operation of the VSM. The VSM response to various step
changes in active and reactive power references is analyzed both with and without

the decoupling algorithm enabled;

Test 5: The sensitivity of the Q-decoupling algorithm to grid resistance estimation is
investigated under a step change in P, with the reactive power controller disabled.
The steady-state error of Q; is investigated for various values of relative estimation

eITOor €R, .

3.6.1 Inertial Response

A linear variation of the grid frequency is imposed to assess the VSM performance during

inertial support. The excitation controller is configured to yield a slow response (7, = 1 s)

in order to emphasize the advantages of the proposed decoupling solution. The expected

active power injection is proportional to the virtual frequency derivative A f, /At as given

by:
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Fig. 3.11 Results of Test 1 (inertial behavior). From top to bottom: virtual frequency f;, inverter
active power P; and virtual active power reference P;, inverter reactive power Q; and reactive
power reference Q3, excitation flux 4., output current peak /; [57].

2H Af,
APinertial = f
fb At

=0.16 pu (3.14)

This amount of power is superimposed on the absorbed power (-0.25 pu) that the
inverter is already delivering to the DC source. In field applications involving high-power
load, such as ultra-fast DC charging systems, AP;,.,+iq; 1s €ither supplied or absorbed by
the locally installed off-board storage or directly by the EV batteries (Fig. 1.8). Initially,
power decoupling is not applied, resulting in a maximum reactive power of 0.25 pu. As
illustrated in Fig. 3.11, at time ¢ = 0 s the Q-decoupling algorithm is activated, effectively
suppressing the reactive power without impacting the inertial support feature. Indeed, the

Q-decoupling algorithm provides A1, = A, 4. required to instantaneously compensate for
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Fig. 3.12 Results of Test 2 (inertial behavior). From top to bottom: virtual frequency f;, inverter
active power P; and virtual active power reference P;, inverter reactive power Q; and virtual
reactive power reference Q}, excitation flux A, [57].

the reactive power coupling. Furthermore, the peak current injected into the grid is reduced
by 9.8 %, decreasing from 0.61 pu to 0.55 pu. Therefore, the current stress on the installed
hardware required to perform grid support is significantly reduced.

3.6.2 Grid Frequency Drop

In Test 2 (Fig. 3.12), a severe grid frequency drop caused by a large power imbalance is
emulated. Such a profile can occur in the event of a major generator disconnection from the
grid. The grid frequency drops to a nadir of 48.39 Hz before stabilizing at a final value of

49.50 Hz. During this event, the inverter supplies 0.5 pu of active power to the DC source.
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A deliberately severe frequency variation, with a low nadir, high initial slope and reduced
post-fault value is applied to assess the effectiveness of the Q-decoupling algorithm. The
test 1s performed both with and without the proposed feedforward decoupling, with the
reactive controller set to 7, = 1 s in each case. The results obtained corroborate the findings
of Test 1. Specifically, the proposed decoupling method preserves the inertial response
while effectively limiting both the reactive power and the injected current during inertial
support.

3.6.3 Voltage Dip

A 10 % voltage dip is applied to evaluate the performance of the P-decoupling algorithm
under a short-circuit condition in the mains (Fig. 3.13). The fault occurs while the inverter
is in idle mode (P; = @}, = 0), so that any power transfer from the DC source to the grid
during the test is solely attributable to the power coupling effect. The excitation time
constant 7, is reduced to 0.1 s, thus intentionally accelerating the reactive control response.
At t =0 s, the voltage dip occurs. If the P-decoupling algorithm is not activated, an
undesired amount of active power is injected into the grid, reaching a peak of 0.32 pu.
Moreover, the resulting power fluctuations propagate through the inverter to the DC-side,
causing a significant fluctuating current iy to be drawn from the DC-stage. This rapid
peak current would initially be supplied by the DC-link capacitors, according to their
energy capability. Then the current would be drawn from the local storage connected
to the converter DC-stage, potentially affecting the battery lifetime. Conversely, when
the P-decoupling algorithm is activated, the active power injection into the grid is nearly
eliminated. Simultaneously, the DC-side operation is no longer affected by the provision
of grid support during fault conditions. Furthermore, enabling the P-decoupling algorithm
allows the desired fault current profile to be accurately attained. In fact, the behavior of the

fault current Ai r4,; can be described as follows:

ot/ (3.15)
Ly+Lg .y

Ai fault =
where AVy;, denotes the amplitude of the voltage dip during the fault condition (0.1 pu in

the present test).

Consequently, the VSM inductance and the excitation controller time constant can be

tuned to meet the required support specifications during fault conditions. The amplitude of
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Fig. 3.13 Results of Test 3 (voltage dip) with the P-decoupling algorithm disabled and then enabled.
From top to bottom: grid measured voltage peak V., virtual active power P,, and active power
reference P;, reactive power 0, and reactive power reference Q5, virtual frequency f;, inverter
output current peak I;, current absorbed from the DC source iz, [57].

the current injection is governed by L,, whereas the duration of the event is determined by

Te.
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Fig. 3.14 Results of Test 4 (dynamic performance). From top to bottom: inverter active power
P; and virtual active power reference P}, inverter reactive power Q; and virtual reactive power
reference Q3, virtual frequency f;, excitation flux 1, [57].

3.6.4 Dynamical Operation

The dynamic performance of the VSM integrated with the proposed decoupling solution is
evaluated by analyzing its response to various step changes in active and reactive power
references (Fig. 3.14). The decoupling algorithm is selectively activated in correspondence
with the power reference changes. Specifically, the P-decoupling algorithm is engaged by
setting g 4. = O prior to a variation in Q;}, while the Q-decoupling algorithm is triggered
by setting g4, = 1 before a change in P;,. When one decoupling algorithm is enabled,

the other is automatically disabled to prevent interference. The excitation time constant
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0 0.2 0.4 0.6 0.8
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Fig. 3.15 Results of Test 5: effect of a wrong grid resistance estimation. From top to bottom:
inverter active power P;, inverter reactive power Q; [57].

7, is set to 0.1 s to ensure comparable response times for both the VSM active and
reactive control loops. Initially, the inverter operates with zero power references (i.e.,
P; =0} =0). Att =0s, a step change of P}, = 0.5 pu is requested. After 1 s, the reactive
power reference is also step-changed to O} = —0.5 pu. Finally, the active and reactive
power references are inverted at =2 s and ¢ = 3 s, respectively. Under demanding test
conditions, including step reversals of power references, the proposed P-decoupling and
Q-decoupling algorithms effectively eliminate all power coupling effects during both P;
and Q) variations. Specifically, Q; fluctuations are fully suppressed when P; changes and
vice versa. Additionally, the power responses exhibit increased damping while preserving

the original rise time.

3.6.5 Sensitivity to Grid Resistance Estimation

This test investigates the impact of R, estimation on the effectiveness of the Q-decoupling
algorithm. The reactive controller is disabled by setting its integral gain to zero, so that
excitation flux variations are solely determined by the computed feedforward term A, gec.
A (.75 pu step in active power is applied, and the resulting reactive power response is
evaluated for various estimated grid resistance ﬁg values, corresponding to 0 %, 50 %,
75 %, 100 % and 125 % of R, (Fig. 3.15). The AQ; deviations observed at the end of
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Table 3.2 Comparison of the results of Test 5 with the theoretical values obtained with (3.12) [57].

Re/Rg (%) eR, (%) AQ;i (pu) AQy,err (pu)
0 -100 -0.52 -0.64
50 -50 -0.24 -0.32
75 -25 -0.14 -0.16
100 +0 +0.00 +0.00
125 +25 +0.12 +0.16

the transient response are then compared with the theoretical values AQ, .,» computed
using (3.12). The results are summarized in Table 3.2 and indicate a strong agreement
between measured and theoretical values. Notably, larger discrepancies are observed under
significant estimation errors, such as when R, = 0. These differences in the results can be
attributed to the fact that AQ, ., is derived using small-signal analysis, which assumes
only minor variations around an operating point. In contrast, this test imposes a large active
power change (AP; = 0.75 pu). Furthermore, when the R, estimation is inaccurate, the
resulting significant deviation of Q; from the initial steady-state condition further affects
the gap.

The results of Test 5 further validate the proposed Q-decoupling algorithm. When R,
is accurately estimated, reactive power injection is completely eliminated (AQ; = 0 pu),

even for substantial variations in active power.

3.7 Conclusion

This chapter introduces a full decoupling strategy of active and reactive power for VSMs,
aimed at compensating power coupling effects during rapid grid transients, including
frequency fluctuations and voltage dips or swells. By enabling the Q-decoupling feature,
feedforward terms are introduced at the output of the VSM excitation controller, thus
canceling the reactive power injection during inertial support. By contrast, enabling the

P-decoupling algorithm introduces feedforward terms into the VSM swing equation. As a
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result, active power fluctuations are mitigated when the AFE injects short-circuit current
into the grid during faults. Finally, the proposed decoupling solution guarantees a full-
decoupled power response even in the event of power transients due to step-variations of
VSM power references. The presented method thus limits the current effort required by
the VSM algorithm to perform both ancillary services and fast power exchange variations

with the grid, thus reducing losses and hardware stress on the inverter.

The selection between P-decoupling and Q-decoupling is performed by configuring
the external command gg4... When the user requests a variation in active or reactive
power references, the appropriate decoupling feature can be pre-selected, ensuring correct
power decoupling. In contrast, grid voltage and frequency perturbations are inherently
unpredictable. Therefore, careful consideration is required when selecting the feature
while the grid-tied inverter is operating in steady-state. The selection can be guided by
agreements with the TSO concerning which ancillary services have to be provided by
the VSM-driven inverter. Otherwise, additional considerations pertaining to the power

converter hardware design may be taken into account.

The Q-decoupling algorithm limits the inverter current stress during inertial support.
Therefore, a reduced rated current can be considered in the inverter design phase to ensure

the capability to provide inertial behavior.

The P-decoupling algorithm eliminates both AC and DC power fluctuations when the
inverter injects reactive current into the grid during voltage dips and swells. As this power
would initially be drawn from the DC-link capacitors, the algorithm prevents the need for

oversizing them in terms of energy.

Accordingly, the authors recommend enabling Q-decoupling by default if the inverter
design did not account for additional current stress on the power switches due to power
coupling phenomena. Alternatively, P-decoupling should be enabled by default to permit
the installation of a DC-link with reduced energy capability.



Chapter 4

Online Grid Impedance Estimation
through VSMs

This chapter presents a dedicated grid impedance estimator for VSM applications, which

can be directly integrated into any VSM algorithm. The chapter covers the following

topics:

The need for accurate knowledge of grid impedance to ensure proper VSM tuning

and operation, illustrated through selected examples;

A comprehensive literature review of online grid impedance estimation methods for

grid-following, grid-forming and VSM-driven inverters;

The innovative contribution of the proposed VSM-dedicated grid impedance estima-

tor, compared to existing methods in the literature;

An outline of the functional blocks of the proposed VSM-based grid impedance
estimator integrated into the conventional VSM model of Chapter 2;

The linearized electrical model used to investigate the dependence of the VSM on

grid parameters;

The detailed description of the proposed VSM-based grid impedance estimator, built

on the obtained linearized electrical model;

The tuning procedure of the designed grid impedance estimator, along with its au-

tomation and sensitivity analysis to the deviations of the grid voltage and frequency;
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* The experimental validation carried out on different hardware setups;

* A summary of the main findings and contributions.

The outcomes of this chapter contributed to the publication of [75], [78] and [79].
Moreover, the proposed grid impedance estimator is currently patented under the Italian
patent law, under application number 102024000022908.

4.1 Influence of Grid Impedance on VSM Operation

Similar to SGs, the grid impedance affects VSM operation by limiting the converter
power transfer capability and influencing both local stability and dynamic response [11].
Consequently, knowledge of the grid impedance is required to appropriately tune the main
functional blocks of the conventional VSM discussed in Chapter 2 (Fig. 2.4), according to

the following considerations:

* The damping strategies are typically implemented into the mechanical emulator
block to suppress low-frequency power oscillations due to the interaction with the
power system. These algorithms require knowledge of the grid reactance to ensure a
proper algorithm tuning [43], [52], [53];

* Independent of the specific excitation control strategy adopted for the VSM, the
reactive power dynamic response is inherently influenced by the grid inductance [55].
Consequently, this grid parameter must be explicitly incorporated into the tuning
process of the excitation control. Otherwise, the capability of the VSM to provide
adequate reactive support may be substantially impaired;

* As discussed in detail in Chapter 3, VSMs exhibit a coupling between active and
reactive power responses when they are interfaced with a resistive power system [59].
Similarly to the power decoupling method proposed in this thesis [57], [58], other
approaches in the literature rely on accurate grid resistance estimation to properly
compensate for the resistive behavior of the power line [70], thus making the reactive

power control insensitive to active power variations;

* Accurate grid impedance estimation is needed for the proper tuning of the lower-level
inverter controller, thus enhancing the converter stability, which is strictly dependent
on the grid stiffness [80], [81].
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For the aforementioned reasons, accurate grid impedance estimation is essential for
the real-time adjustment of VSM control parameters, thus ensuring stable operation and

achieving the desired dynamic response.

4.2 Online Grid Impedance Estimation: Literature Re-

view

The online estimation of local grid impedance through the grid-tied inverter control has
been extensively investigated in the literature [76]. While several methods have been
proposed for grid-following converters, only more recently solutions have been developed

for grid-forming and VSM-controlled inverters.

4.2.1 Estimation through Grid-Following Converters

Grid impedance estimation methods for grid-following converters can be formally classified
into passive and active approaches, based on whether the power converter deliberately
injects a perturbation into the grid. Passive approaches exploit preexisting grid voltage
and current harmonic distortions [82], [83] or natural grid transient events [84] to estimate
the grid impedance. These methods typically exhibit a low signal-to-noise ratio [82], with
estimation accuracy strongly dependent on the magnitude of the measured grid voltage

and current distortion.

In contrast to passive approaches, active impedance estimation techniques rely on
injecting controlled perturbations into the grid, followed by processing the resulting grid
voltage and current responses. For example, certain methods introduce sinusoidal distur-
bances into the grid through either current [85], [86] or voltage [87], [88], [89] excitation at
non-characteristic frequencies, i.e., frequencies that are not integer multiples of the funda-
mental. Other active approaches excite the grid by injecting impulsive disturbances, either
through modifications of the inverter current references [80], [90], [91] or of the voltage
commands [92]. This allows grid impedance estimation across a wide frequency range.
Furthermore, pseudo-random binary [93], [94] and ternary sequences [95], as well as white
noise disturbances [96], can be superimposed on the current references to perturb the power
system. Although achieving high accuracy, all the aforementioned methods require the

application of advanced data processing techniques, such as Fourier transforms [80], [85],
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[87], [90], [91], [93], [94], [95], [96], [97], wavelet transforms [86], Kalman filters [88],
[89], or recursive least squares (RLS) algorithms [92]. Furthermore, these techniques
contribute to increase grid harmonic distortion, as they involve the injection of disturbances
at frequencies other than the fundamental. As a result, compliance with international

standards may be compromised [13].

Among active methods, P-Q reference variation algorithms are notable for their im-
plementation simplicity. These techniques exploit variations in the active and reactive
power references to change the operating point, thus extracting information on grid param-
eters, which are subsequently computed using algebraic computation [98], [99]. These
methods cause minimal grid disruption while providing accurate estimation. However,
P-Q reference variations inherently induce a load angle drift, resulting in a rotation of
the adopted (d,q) synchronous reference frame. As a result, the measured current and
voltage signals are referenced to different, misaligned (d,q) frames. This misalignment
negatively affects the calculation of grid parameters, thus reducing the overall estimation
accuracy [100]. The estimation accuracy can be improved by increasing the number of
analyzed operating points, thus mitigating the effects of load angle deviation, albeit at the

expense of additional execution time [101], [102].

4.2.2 Estimation through Grid-Forming Converters

Recent studies have focused on enabling grid impedance estimation through grid-forming
power converters by adapting conventional P-Q variation methods [103], [104], [105]. A
non-invasive technique is proposed in [103], where both grid inductance and resistance are
computed in real-time using algebraic formulas. Additionally, a Kalman filter is employed
to mitigate noise and measurement errors, thus enhancing estimation accuracy. The method
proposed in [104] exploits the slow transient response of the grid-forming converter to
trigger a RLS solver for grid parameter estimation. Instead, the approach presented in [105]
requires only active power variations to estimate both inductance and resistance. As the
grid impedance is determined via algebraic calculations, the authors recommend filtering
current and voltage measurements to reduce sensitivity to disturbances. Although VSMs
are control algorithms with grid-forming capabilities, all of these P-Q reference variation
methods [103], [104], [105] cannot be directly implemented into VSM controls. This
limitation arises because these estimation techniques do not account for the implementation
of a virtual impedance, which is a common feature in VSM models [33], [34] as shown in
Fig. 2.4, where the VSM electrical equations block is implemented.
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4.2.3 Estimation through VSM-Driven Converters

Similar to grid-forming converters, existing recent studies allow VSM-controlled inverters
to perform grid impedance estimation by incorporating conventional methods into their
control. Specifically, a non-characteristic harmonic excitation method is integrated into
the lower-level inverter current controller in [106], [107], increasing the overall control
algorithm complexity and introducing the risk of interaction between the VSM control and
the estimation procedure. Indeed, VSMs are capable of mitigating harmonic distortions in
the grid [46], [108]. Consequently, they can react to external harmonic disturbances directly
injected through the lower-level inverter controller, thus interfering with the impedance
estimation process. In [109], a VSM is integrated with an RLS solver to estimate grid
impedance using a non-intrusive approach. However, the proposed RLS method requires
knowledge of the Thevenin equivalent grid voltage, which is not directly measurable. The

authors assume it is known a priori and do not provide a procedure for its determination.

4.3 Novel Contribution to the Literature

Given the limitations of the estimation methods for VSM applications highlighted in the
previous section and the sparse treatment of this topic in the literature, this chapter proposes
a closed-loop grid impedance estimator, specifically designed for VSMs, that is directly
integrated into the VSM model.

When an amount of current is directly injected into the grid through the inverter
lower-level control, without being processed by the VSM algorithm, the VSM control
is perturbed and its response depends on grid parameters. Therefore, a grid impedance
estimation method is designed by leveraging the VSM sensitivity to these injected current
disturbances.

The proposed estimator offers several advantages:

* It can be implemented in any VSM equipped with an excitation control loop [33],
[34], as the conventional VSM model of Chapter 2;

* It inherently suppresses measurement noise, providing filtered results without requir-

ing the implementation of advanced filtering solutions (e.g., Kalman filters);
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* It can be easily tuned to balance the desired estimation time and filtering perfor-

mance;

* It avoids the use of advanced mathematical processing (e.g., Fourier transform,
Kalman filtering, RLS solvers) and relies only on basic algebraic computations to
compensate for estimation errors due to load angle deviations during the estimation

process, thus reducing algorithm complexity;

* It yields reliable results independently of the inverter operating conditions, the grid

stiffness and the tuning of the VSM parameters.

4.4 VSM Embedded with the Proposed Estimator

The block diagram of the conventional VSM model of Chapter 2 embedded with the
proposed grid impedance estimator is depicted in Fig. 4.1. The estimation procedure
is triggered by the external commands g, and gg,, which respectively enable the grid
inductance and resistance estimation. Three additional blocks are integrated into the VSM

to enable the grid impedance esimation:

* Current Injection Block: This block is used to introduce the external current
perturbation required for grid parameters estimation. It provides the current i;‘nj to
the lower-level inverter current controller, that is combined with i, to compute il’."

*

(e, i =i, +i}, j). In this way, the desired current i;,; is injected into the mains

during the grid parameters estimation process;

* Estimation Block: It represents the core function of the proposed estimation algo-
rithm, combining the Integral Estimator and the Data Compensator sub-modules.
The integral estimator controls the deviation of the virtual reactive current i, 4 thus
computing the terms Adz, and Adg,, which are added to AY during grid inductance
and resistance estimation, respectively. Finally, it outputs the preliminary values
of grid inductance I::g and resistance Rg,. These raw values are then processed by
the data compensator to yield the final estimations of grid inductance L, ., and
resistance R,. Once L, ., and R, have been determined, the estimated equivalent

Thevenin grid voltage €, can also be readily computed;

* Active Current Regulator: This block is in charge of canceling the deviation of the

virtual active current i, , during grid impedance estimation by adding the additional
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Fig. 4.1 Control scheme of the conventional VSM model embedded with the proposed VSM-based
grid impedance estimator, which consists of three blocks: the estimation block (red highlight), the
active current regulator (blue highlighted) and the current injection block (light blue highlighted).

term Awz, to «?. Tt includes a module that replicates the mechanical emulator used

to regulate P,,.

A detailed explanation of these additive functions will be presented in next sections.

As detailed in Chapter 2, the lower-level current control loop is several orders of
magnitude faster than the VSM dynamic response and it can be simplified as ideal, with a

unity gain transfer function. Therefore, the inverter output current i; is assumed to match

k

the reference i =i, +i; ;. and the injected current is approximated as i;,; ~ i}, ; in the

inj
discussion.
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Fig. 4.2 Steady-state equivalent circuit in the (d,q) reference frame rotating at w. Cy is neglected
and an equivalent L,y ., = Ly + L, is considered [75].

4.5 Linearized VSM Electrical Model

The steady-state equivalent circuit in the (d,q) rotating reference frame of the VSM
embedded with the proposed grid impedance estimator is obtained by neglecting the
derivative terms (Fig. 4.2). The system steady-state equations (3.1)—(3.4), previously
presented in Chapter 3, remain valid and can be reformulated according to the new VSM
configuration by substituting i, with i; =i, +i;,; and neglecting the LCL filter capacitance
Cr [39]. Moreover, e, 4 and e, , can be expressed as egsind and ey coso (Fig. 3.3).
Therefore, by combining and rearranging (3.1) with (3.3) and (3.2) with (3.4), the resulting
equivalent electrical equations are obtained:

0=(R,+Rg) iva+Rg linja—w(Ly+Lgeq) ivg—wWLg oq-linjq+egsindg  (4.1)

wAe = (Ry+Rg) iy g+ Ry linjg+w(Ly+Lg o) iva+ WLy eglinja+egcosd (4.2)

Under the assumption of small deviations around the operating point (w ~ 4, ~ 1 pu)
and constant grid impedance (AR, ~ AL, .4 = 0), the per-unit linearized electrical equations
are derived as:
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0=(Ry+Rg)-Ai,g+Rg-Aijnja—(Ly+Lgeg) Aiyg—LgegAiinjg

4.3)
—[(Ly+Lg eq) “ivg+Lg eqgiinjql -Aw+Aegsind +egcos86 - Ad
Adle = (Ry+Rg)-Aiy g+ Ry Aijyj g+ (Ly+Lgeg) Aiyg+LgegAijnja 44)
+ [(Ly+ Lg e)iva+ Ly egimja—1] - Aw+Aegcosd — e, sind - A '
The expression of the load angle deviation Ad can be obtained from (4.3):
AS = [ - (Rv + Rg) . Ai‘,,d — Rg . Aiinj,d + (LV + Lg eq) . Aiv,q + Lg eq” Aiinj,q
1 4.5)

+[(Ly+Lg eg) “lvg+Lg eqlinjql - Aw—Aegsind] - erc0sd

Therefore, by combining (4.4)—(4.5), the resulting equivalent electrical equation in the
g-axis, with A¢ explicitly expressed, is derived:

[(Ly+Lg )+ (R, +R,)tand] - Ai, 4
(Ry+Rg)— (L, + Ly og)tand] - Ai, 4
Lgeg+Ryg- tand] - Aiinja

[

[

[ g eq -tand] - Aiinjq (4.6)
[

+ + + o+

(Ly+Lg oq)(iv,g—iv,g-tand) + Lg g (iinj.d —linj,q - tand) — 1] - Aw
Aeg
cosd

As highlighted by (4.6), the VSM operation is affected by the injected current Aij,;,
along with the grid voltage and frequency deviations Ae, and Aw.

When a Aij;,; 4 or Ai;,; 4 injection occurs, the response of the mechanical emulator to
cancel the P, perturbation would be sufficient to limit the i, , deviation only if the VSM
operates at low power or if the implemented L, and R, are negligible. Indeed, under these
conditions, the voltage v. can be considered primarily aligned with the g-axis (Fig. 3.3)
and the active power is approximately linear with respect to i, , (i.e., P, V¢ 41,4 In
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per-unit). However, for high power operation or when significant virtual impedance is
implemented, this assumption no longer holds. Consequently, an additional block, i.e., the
active current regulator shown in Fig. 4.1 must be integrated into the VSM to compensate
for Ai, , variations.

Instead, Ai, 4 can be counteracted in (4.6) by adding an extra term A1, to the excitation
flux A.. The term AA, is proportional to the injected currents Ai;,; 4 and Ai;y; , and it is
influenced by the grid parameters R, L, ., and the load angle 6. Under the assumption of
constant grid voltage and frequency (Ae, ~ Aw ~ 0), the value of A, required to cancel
Aiy 4 1s:

Ad, = (Lg eqt Rg . tané) . Aiinj,d + (Rg - Lg eq’ tané) . Aiinj,q (47)

Two intermediate variables, associated with the actual grid parameters R, and L, ¢,
and the load angle ¢ are defined as follows:

L; =Ly eq+R;-tand (4.8)

R;, =Ry —Lg ¢g-tand 4.9)

where L, and R}, denote the raw values of grid inductance and resistance, respectively.

Accordingly, two excitation flux terms are obtained by combining (4.7) with (4.8)—(4.9):

Adp, = Ly Nijnj.a (4.10)

Adg, = R}, - Nijnj g (4.11)

where Adz, and Adg, represent the additional excitation flux required to limit Ai, 4 in the
case of Ai;,; 4 and Aij,; 4 injection, respectively.

If the VSM is connected to a stiff grid or operates at low power, the load angle
becomes negligible, so that tand = 0. In this case, L, ~ Lg 4 and R, ~ R,. Consequently,
(4.10)—(4.11) can be simplified as in [78]:
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A/ng|6_>0 = Lg g Alinja (4.12)

Adg,|s o= R Nimnjg (4.13)

As aresult, Ly ., and R, can be directly computed from (4.12) and (4.13), respectively.

However, when the VSM delivers high power while connected to a weak grid, the small
load angle assumption no longer holds. In this case, additional algebraic manipulations are
required to account for the effect of the load angle in (4.10)—(4.11), thus to derive Lg .4

and R, in the general case. From Fig. 3.3, tan¢ can be expressed as:

e
tang = < (4.14)
€g.q

By substituting the steady-state grid electrical equations (3.3)—(3.4) into (4.14):

Ve d + Lg eq(iv,q + iinj,q) - Rg(iv,d + iinj,d)
Veg— Lg eq (iv,d + iinj,d) - Rg(iv,q + iinj,q)

tand = (4.15)

Assuming a small external current injection, the effect of i;,; 4 and i;,; , on tané can

be neglected and (4.15) simplifies to:

Ved + Lg eq’ iv,q - Rg . iv,d
tano =~ - - (4.16)
Vegq—Lgeqgivda—Rg-iyg

Finally, the grid inductance and resistance are determined by combining (4.16) with
(4.8)-(4.9):

¢, =Ly ing =R} iva+vea (4.17)
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’ ’ e,',d
Lg _Rg ’ (vi,q)
Lg eq = AN (4.18)
e.d
1+ (vc’q )
’ ’ e, ,d
R, +L,- (qu)
R, = 4.19)

where (4.17) denotes the steady-state grid electrical equation in the d-axis, evaluated using

the raw variables Lj, and Ry, instead of the real parameters L, ., and Ry.

In brief, a grid impedance estimation algorithm can be developed by exploiting the
effect of grid parameters on the VSM excitation control response when a current ;,,; is
injected into the grid without being processed by the VSM. This approach enables a reliable
estimation, independent of the grid stiffness or the VSM operating conditions, of both grid
inductance and resistance by leveraging the relationships established in (4.10)—(4.11) and
(4.18)-(4.19)

4.6 Proposed VSM-Based Grid Impedance Estimator

The estimation of grid inductance and resistance is triggered by the external commands g,

and g Rgs which directly enable the injection of i;,,; 4 and i;,; 4, respectively. The associated
3k

reference currents i . and i;, . ~are directly provided by the current injection block to
inj, mnj.q

the lower-level inverter current controller during the estimation process, as depicted in

Fig. 4.1. Furthermore, whenever a grid parameter estimation is initiated by g, or gg,,

_;0
d g

—vqu. Specifically, by setting a high g, or gg, at sampling instant k,

the most recent measurements of i, 4, i, 4, Ve.g and v, , are stored as the currents i°

d> bv,gs Ve, q v,

0

and voltages Ved
0 _ 0 _ - 0 _ 0 _

the values are captured as Iy a = vd(k) byg = bvg(h)s Ve g = Ved(k) and Veg = Vegq(k)- These

stored current and voltage values are then utilized by the various blocks of the proposed

estimator, as described below.

The core component of the proposed estimation tool is a closed-loop integral controller
with an adjustable integral gain k., referred to as the integral estimator. It is responsible for
regulating 7, 4 during the estimation process and for providing the preliminary estimation

results, Z’g and Iéé. The active current regulator block, on the other hand, is designed to
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Fig. 4.3 Block diagram of the VSM excitation control and mechanical emulator integrating respec-
tively the integral estimator (red highlighted) and the active current regulator (blue highlighted)
[75].

replicate the mechanical emulator, controlling i, , instead of P, throughout the estimation
process. The integral estimator and the active current regulator are integrated into the VSM

model, as shown in Fig. 4.3.

During the estimation of grid inductance or resistance, the VSM excitation control and
mechanical emulator are fully disabled, so that /18 and w° remain fixed. At the same time,
the integral estimator and the active current regulator are activated, assuming full control

of i, 4 and i, 4, with i(v) —i(v)’ 4 set as the reference currents for the VSM. Consequently, they

d
actively compensate for the virtual current deviations Aiy, g =i, 4 — i‘v) d and Aiy g =i, 45— i(v)’ q
induced by the injection of i;,; 4 or i;,; 4. When i;,; 4 is injected, the integral estimator
generates the additional excitation flux A4y, required to counteract the i, 4 deviation.

The raw grid inductance Zg, is thus calculated according to (4.10). Likewise, during
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the injection of i;,; 4, A/le is determined, yielding the raw resistance I?ig from (4.11).
Simultaneously, the active current regulator computes the supplementary speed term Awg,

to limit Ai, , for perturbations induced by both i;,; 4 and i;,,; 4.

The last block to be described is the data compensator, which executes an algebraic
correction within a single control period at the end of the estimation procedure. As depicted
in Fig. 4.4, once the estimation concludes, the last calculated values of ig, and I?é are stored
by the data compensator, which is responsible for correcting estimation errors caused by
load angle deviations occurring during the estimation procedure. These stored values are
then combined with i(v)’ d—i(v),q and vg’ d—v(c),q to produce the final values of estimated grid
inductance L, ., and resistance R, according to (4.17)—(4.19). Finally, the estimated grid
parameters L, ., and R, are utilized together with i(v)’ d—i(v)’ g and vg’ d—v(c)’ 4 to calculate the
equivalent Thevenin grid voltage é,, obtained by substituting these values into the grid
electrical equations (3.3)—(3.4).

The operation of the proposed VSM-based grid impedance estimation algorithm at
each control period k is summarized in the flowchart of Fig. 4.5. Generally, the raw grid
inductance and resistance estimations must be performed in quick succession, as both ié
and Ré are needed to compute the refined values Lg ., and R,. However, when the VSM
is connected to a stiff grid or operating at low power, data refinement can be skipped since
Lé ~ Lg ¢q and Rg, ~ R,, as shown in (4.12)—(4.13). In this case, the computations of Zg eq
and R, are fully decoupled, and only a single current injection (i, 4 OF i, 4) is required
to estimate the corresponding grid parameter.
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Fig. 4.5 Flowchart of the proposed VSM-based grid impedance estimator executed at sampling
time k. The generic additional excitation flux Adz, provided by the integral estimator corresponds
to Ady, and Adg, in case of L;, and R; computation, respectively [75].
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Once the estimation process is complete, both the integral estimator and the active
current regulator are disabled. The VSM excitation control along with the mechanical
emulator are thus reactivated (Fig. 4.5). The newly estimated values can then be used to
adaptively update the gains of the VSM active [43], [52], [53] and reactive [55] power
controllers, or to fine-tune the inverter current regulators [80], [81].

4.7 Tuning Procedure

While the dynamic response of the active current regulator is expected to closely match
that of the mechanical emulator, the response of the integral estimator can be adjusted
by appropriately tuning the closed-loop integral gain k.i. This tuning procedure is
independent of whether Lj, or Ry, is being estimated. By considering the linearized g-axis
electrical equation (4.6) and assuming small i;,; 4—i;» 4 Injections, the linearized feedback
diagram of the excitation control is derived, as illustrated in Fig. 4.6. The closed-loop

estimator acts as a low-pass filter, with its characteristic equation given by:

S [(Ly+Lg ¢q) + (R, +Rg)tand] + ko =0 (4.20)

The system is therefore characterized by a single pole, with the estimation time constant
7,5 defined as:

L,+L + (R, +R,)tand
Test:( ! geq)k( . g) 4.21)
est

The desired value of the time constant 7,4, is achieved through proper tuning of kg;:

L,+L +(R,+R,)tand
kmz( viheeg) * (Ry ¥ Ry) (4.22)

Test

where tané denotes the estimated value of tand.

Notably, the estimated grid inductance, resistance and load angle affect the calculation

of k.s. Consequently, two distinct implementation strategies can be considered:

* The most recently computed values of ig eq and Rg, together with the current

measurements of v 4, Ve 4, iv,q, and i, , are used to calculate tané via (4.16). Sub-
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Fig. 4.6 Linearized model of the integral estimator regulating the reactive current Ai, 4 [75].

sequently, L, .4, R, and tané are employed to determine k. corresponding to the
desired 7,;;

* The load angle and the inductance estimation terms are considered negligible (i.e.,

tand ~ 0 and I:g eq = 0). Consequently, kg ~ Ly This approach will be used to

Test
tune k. during the experimental validation phase.

The real estimation time constant 7, r.q; 18 therefore given by:

(Ly+Lg ¢q)+ (R, +R,)tano .
(Ly+Lg og) + (R, + R,) tand

Test,real = Test (423)
Reducing the estimation time constant 7, decreases the estimation execution time,
while a larger 7., improves noise attenuation. The estimator cut-off frequency is therefore

given by:

1

_ 1 4.24
fcut of f est 2 - Test,real ( )

Accordingly, a 7.5 value in the range of 10-100 ms is selected for the experimental

tests, balancing a short procedure duration with effective filtering of the estimated results.
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Fig. 4.7 Proposed estimation evaluation algorithm, wich enables the automatic execution of the
estimation procedure when the error variable I" exceeds the threshold I';;. The estimation procedure
can be forced by the user, that can manually set the external commands ¢y, . and gr

gext gext*®

4.8 Automation of the Estimation Procedure

Until now, the estimation procedure has been presented as being triggered by the commands
gL, and gg, without specifying the method of their generation. These commands can be
forced by an external user to execute the estimation at a desired instant. Alternatively, they
can be produced automatically by an auxiliary algorithm, referred to as the estimation
evaluation algorithm (Fig. 4.7). This feature uses the estimated equivalent grid inductance
Zg eq- TESIStance ﬁg, equivalent Thevenin grid voltage €, and the VSM virtual current i,
to compute the estimated voltages V. 4 and V. , by applying the grid electrical equations
(3.3)—(3.4). Ideally, in the case of correct grid parameters estimation, V.4 =~ v. 4 and
Ve,q = Veq- Instead, in the event of a grid impedance or voltage variation the estimated
voltage V. 4 and V. , deviate from the measured values v. 4 and v, respectively. Therefore,

an error variable I" can be computed as follows:

I =\ (ed = Pea) + (Vg —Teg)? (4.25)

In the event that I" exceeds a predefined threshold I';;, the grid impedance estimation

is automatically triggered by raising the g, and gg, signals.

In summary, the implementation of the proposed estimation evaluation algorithm,
similarly to other solutions reported in the literature [91], [102], [110], makes the estimator
procedure an event-driven solution, suitable for applications requiring rapid detection
of grid impedance variations, such as in unintentional islanding detection, for which
international standards require the inverter to trip within 2 s of the formation of the island
[111].
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4.9 Estimator Sensitivity

As shown in Fig. 4.6, the integral estimator cannot distinguish whether A4, arises from
the external current injections Ay, j 4—Ai;,j 4, or from deviations in grid voltage Ae, and
frequency Aw. Although Ae, and Aw perturbations are typically small during normal grid
operation and significant deviations are unlikely to occur within the short estimation period,
their occurrence can affect the estimation results. Consequently, this section examines the

sensitivity of the proposed estimation method to the variations of Ae, and Aw.

4.9.1 Sensitivity to Grid Voltage

The impact of Ae, on the computation of grid parameters is examined by analyzing the

transfer function ﬁj;, derived from the block diagram shown in Fig. 4.6:

kest

Ade _ CcoSo
Aey  s-[(Ly+Lgeg)+ (R, +R,)tand] + ke

(4.26)

The grid parameter estimation error AZ,, caused by Ae, is identical for both L}, and
R}, estimations. It can be determined by imposing s — 0 (i.e., analyzing the stationary

response to a step change) and dividing by the injected current Ai;,;, in accordance with
(4.10)—(4.11):

AZ., 1 A,
Aeg  Alimj Aegl_

AZ,, _ 1

Aeg  Aijyj-cosd

(4.27)

where Aij,; = Aijpj 4 for the estimation of the raw grid inductance L}, while Ai;,,; = Aij,j 4

for the computation of the raw grid resistance Rj.

As shown in (4.27), the effect of grid voltage variations on estimation accuracy grows
with the load angle.
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4.9.2 Sensitivity to Grid Frequency

Similarly, the influence of Aw on the estimation of L} and R}, can be analyzed by examining

Ade .
Aw *

the transfer function

A, _ kest - [(Ly + Lg eq)(iv,d —lyg -tand) — 1]
Aw s [(Ly+Lg ¢g) + (R, + Ry) tand] + ke

(4.28)

The grid parameter estimation error AZ,, resulting from Aw is then calculated under

the same assumptions used for AZ, in (4.27):

AZ, 1 A,
Aw — Aiyj Aol

AZ, (Ly+Lgcq)(siny—cosy-tané)-i,—1
Aw Al

(4.29)

where y represents the phase shift between the VSM virtual current i, and the electromotive

force jwA,, as illustrated in Fig. 3.3.

For a given §, the estimator maximum sensitivity to Aw occurs when y =6 —/2:

Litlgeg .y
AZ, ___coss " (4.30)
A(U ’}/:5—% Aim]

Therefore, according to (4.29)—(4.30), the effect of speed variations on estimation
accuracy increases with both the load angle ¢ and the virtual current i,.

According to (4.27) and (4.29), the sensitivity of the estimator to grid voltage and
frequency variations can be mitigated by injecting a sufficiently large Ai;,;. However, the
chosen magnitude of Ai;,; must remain small enough to avoid significant interference with
the operation of the grid-tied power converter. Consequently, a value of Ai;,; =+ 0.1 puis

recommended.
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Fig. 4.8 Scheme and pictures of the hardware setup used for the experimental Tests 1-8 [75].
4.10 Experimental Validation: Accuracy of the Method

The system configuration employed for the experimental tests is shown in Fig. 4.8. The
grid-tied converter is a 15 kVA, two-level, three-phase inverter, controlled via a dSSPACE
MicroLabBox platform with switching and sampling frequencies of 10 kHz. The inverter

DC-link is powered by a constant voltage source.

The proposed estimation method has been implemented into the S-VSC [46] in its
VSG configuration (Fig. 3.7), where the excitation control consists of a purely integral
regulator. Instead, the lead-lag damping solution proposed in [53] is embedded within the
mechanical emulator. The VSM electrical inductive and resistive parameters are set to
L,=03puand R, =0.1 pu.

The VSM-controlled inverter is interfaced with a 50 Hz, 400 Vs low-voltage grid via
an LCL filter, featuring Ly =2 mH, Cy =5 yF, and Ly, = 4.1 mH. In addition, a 1.2 mH
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Table 4.1 Main data of the experimental setup for Tests 1-8 [75].

Base Values Inverter VSM LCL Filter & Grid
Sy ISkVA S, I5kVA L, 0.3 pu L¢ 0.059 pu
Vb 400 Vips I 31A Ry 0.1 pu Lt 0.121 pu
fy S0Hz Vg 650V H 05s Cr 0.017 pu
7y 10.7Q  fg 10kHz C 0.7 Liest 0.035 pu
Ly 340mH f 10 kHz = teg 10-100 ms  Ryegt 0.023 pu
Cb 0.3 mF

inductor L, and a 250 mQ resistor R;. ; can be inserted in series with the LCL filter to
manually vary the grid equivalent inductance L, ., and resistance R,. Table 4.1 lists all

the key system parameters.

Several tests are carried out to experimentally verify the performance of the proposed

grid impedance estimator:

* Tests 1-3: The grid impedance estimation is assessed with the VSM operating
under various high-power conditions. In all three tests, the estimation is performed
while the VSM delivers the same apparent power S; ~ 0.7 pu, but with different
distributions between active P; and reactive Q; power. Specifically, in Test 1, the
VSM provides only active power, P; = P, = 0.7 pu; in Test 2, it supplies only reactive
power, Q; = @}, = 0.7 pu; in Test 3, it delivers both active and reactive power, with
P;=P;=05puand Q; =Q; =0.5 pu;

» Tests 4-5: The impact of the estimator integral gain k.5 on both the duration
of the estimation process and the method noise rejection capability is examined,
considering grid inductance estimation in Test 4 and grid resistance estimation in
Test 5;

* Tests 6-7: The impedance estimation is performed while an external inductor
L;.s; (Test 6) or resistor R;.s; (Test 7) is inserted in series with the LCL filter, thus
modifying the grid impedance;

* Test 8: The impedance estimation is carried out at system startup, while the VSM
output command remains disabled. Specifically, the VSM is already tracking the
grid frequency and providing the position 8 to the inverter current controller, but i,
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has not yet been applied as the inverter current reference i, as the VSM enabling
signal gysy is kept low (Fig. 4.8).

For this set of tests, the impedance estimation is triggered manually by the external
user, while the estimation evaluation algorithm (Fig. 4.7) remains disabled. For each
experimental test, the estimation of the grid parameters using the proposed VSM-based
algorithm is preceded by a non-characteristic harmonic current injection of 0.2 pu at 75 Hz,
as proposed in [85]. The grid voltage and current signals acquired by the dSPACE controller
during grid excitation are recorded and subsequently processed offline in MATLAB using
the Fast Fourier Transform (FFT). This procedure yields a precise measurement of the
complex grid impedance at 75 Hz, allowing the resistive and inductive components to
be accurately determined. These experimentally obtained values serve as a benchmark
for validating the results of the proposed estimation method. During the 75 Hz current
injection, the inverter current reference i* is held constant, while the VSM output signal i,
is deactivated by lowering gysys (Fig. 4.8). This prevents the VSM from counteracting the
disturbance and ensures an accurate measurement of the grid impedance. All test results
are summarized in Table 4.2, which reports both the expected and the estimated values of
Lg .4 and R,. The data reported for each experimental test consist of real-time samples
acquired by the dSPACE platform.

4.10.1 Estimation during VSM High-Power Operation

The grid inductance and resistance are estimated while the VSM delivers P; = P; = 0.7
puin Test 1 (Fig. 4.9), Q; = O} = 0.7 pu in Test 2 (Fig. 4.10) and P; = P; = 0.5 pu with
Qi =0} =0.5 puin Test 3 (Fig. 4.11). For all tests, the estimation integral gain k., is
set to achieve a desired time constant 7,5, = 50 ms, neglecting the terms ﬂg eq and tand
in (4.22). The estimation procedure is initiated at t = 0.5 s, when the raw inductance
computation L, (highlighted in light blue) is activated by setting g, = 1 and applying
i;‘nj’ 4 = —0.1 pu. Concurrently, the VSM excitation control and the mechanical emulator are
disabled, while the active current regulator suppresses Ai, , by adjusting w and the integral
estimator provides the additional excitation flux A4 Ly =Ae— /18 required to counteract the
Ai, 4 deviation induced by the i;,; 4 injection. Then, at r = 1.25 s, the Lé estimation phase
is disabled (g, . =0)and ijyj 4 injection is removed. Simultaneously, the raw resistance
estimation R, (highlighted in pale orange) is initiated by setting gg, = 1, thus injecting

linj.qg = i, ia = —0.1 pu. Therefore, both the active current regulator and the integral
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Table 4.2 Experimental results of grid parameters estimation [75].

Test Notes Lgeq' Lgeq R,! R,

n° [pu] [pu] [pu] [pu]
i;'knj,d = szq = -0.1

1 pu, = 0.7 pu, 0.143 0.142 0.040 0.035
0y = 0 pu
i;'knj,d = lzn] q = -0.1

2 pu, P, =0 pu, Q; = 0.143 0.141 0.031 0.028
0.7 pu

3 i;'k”fvd ~ l’”J 4q =-0.1 0.141 0.141 0.036 0.031
pu, P; =05 =05pu

4 imd —0.1pu, P, =
0, =0pu
- Tesr = 10 ms 0.152 0.145
- Tesr = 50 ms - 0.146
- Test = 100 ms - 0.149

5 lqu——Olpu P} =
0, =0pu
- Toer = 10 ms 0.035 0.032
- Tosr = 50 ms - 0.032
- Toer = 100 ms - 0.033
zn*/d:_o Ipu, P*_

6 0, =0 pu, AL, o 0.035 0.033
comp.
im] p -0.1pu, P} =

7 0, =0 pu, AR, 0.023 0.025
comp.
i;'knj,d = m/ q = 0.1

8 pu, gvsy =0 (VSM 0.150 0.145 0.029 0.029
disabled)

U'Lq ¢4-R; are computed through the benchmark method in Tests 1-5 and 8. Instead,
they are obtained from the nameplates of the external inductor L,.s and the resistor
R, in Tests 6-7.
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estimator remain active, ensuring the cancellation of Ai, 4—Ai, ,. In particular, the integral
estimator provides Adg e = Ae— /l(e) to compensate for the Ai, ; deviation induced by the
Iinj,q injection. Finally, at = 2 s, the Rz:’ estimation phase is concluded (gg, = 0) and
the injection of i, i is halted. Immediately afterward, the data compensator refines
the preliminary values L, and Ry, to correct for the error introduced by the load angle
variations during the estimation process. Through this compensation step, the final and

reliable estimates of the grid inductance Zg eq and resistance ﬁg are obtained.

The proposed method allows the estimation of both grid inductance and resistance
within a total duration of 1.5 s. Each raw parameter is computed over a 0.75 s interval, with
the overall procedure time selected according to the chosen value of 7,,. The difference
between ﬂé—zg eq and Iéig—lég increases as the load angle ¢ deviates, in accordance with
(4.8)—(4.9). In Test 1 (Fig. 4.9), 6 = 17.6° with inductive estimates of Lg, =0.153 pu and
Lg ¢g = 0.143 pu, while the resistive estimated values are R, = —0.009 pu and R, = 0.035
pu, with R}, even taking a negative value. Therefore, the data compensator implementa-
tion is necessary to achieve accurate estimation. The gap between raw and refined grid
parameters becomes smaller in Test 3 (Fig. 4.11), where 6 = 7.4°. In this case, Z(’(’, =0.145
puand Lg .4 = 0.141 pu, whereas R, = 0.012 pu and R, = 0.031 pu. Conversely, in Test
2 (Fig. 4.10), with 6 = —4.2°, the inductive values nearly coincide (L}, = 0.139 pu and
Lg ¢ = 0.141 pu, while the discrepancy between R,—R;, further reduces (R, = 0.038 pu
and R, = 0.028 pu). In this latter case, the data compensator refinement is thus not strictly

required.

The absolute estimation errors are contained for both grid inductance and resistance. In
contrast, the relative errors for the grid resistance are significant, with eg, equal to —12.5
9 in Test 1, —=9.7 % in Test 2 and —13.9 % in Test 3. In contrast, the grid inductance
estimation shows minimal relative errors, with €;, . equal to —0.7 puin Test 1, —1.4 % in
Test 2 and +0.1 % in Test 3. As demonstrated in the previous sections of this chapter, the
estimation errors induced by grid voltage variations (4.27) or frequency deviations (4.29)
affect the absolute values of both L} and R}, equally. Therefore, these errors propagate to
the refined estimates L, ., and Rg, having a more pronounced impact on the relative error

for smaller parameters, such as the grid resistance R, of the grid used in these tests.
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Start of Lg eq - Rg Est.
Procedure & End of Procedure

'g Est. ] 'g Est.

Fig. 4.9 Results of Test 1. From top to bottom: measured and estimated grid inductance Lg ¢g—Lg ¢g
and resistance R,—R,; excitation flux 19 and resulting A,; virtual rotor speed w; dq-axes virtual
and inverter currents i, 4—i; 4 and i, 4—i; 4; inverter output powers P;—Q; [75].
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Fig. 4.10 Results of Test 2. From top to bottom: measured and estimated grid inductance
L, eq—I:g eq and resistance Rg—[Z’g; excitation flux /l(e) and resulting A.; virtual rotor speed w;
dg-axes virtual and inverter currents i, 4—i; 4 and i, 4—i; 4; inverter output powers P;—Q; [75].
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Fig. 4.11 Results of Test 3. From top to bottom: measured and estimated grid inductance
Lg eq—Zg eq and resistance Rg—ﬁg; excitation flux A% and resulting A,; virtual rotor speed w;
dg-axes virtual and inverter currents i, 4—i; 4 and i, 4—i; 4; inverter output powers P;—Q; [75].



4.10 Experimental Validation: Accuracy of the Method 77

Start of
Procedure
i;(nj,d =-0.1 pu, Lg eq — 0.152 pu
0.15 } ' ' ' ' ' - '
=
& 01 1
s 0.05 + | 0T —— |
0 0.145 Rakgaia i
1 014 [\VY"}
1.002 F T T : .
— 1.001 + |
=
3 1F .
0.999 L . | — . — 10 ms
m Toqr = D0 mMS
O 05 I I I I [ — Test — 100 ms

01 0 01 02 03 04 05 06 07 08

Fig. 4.12 Results of Test 4: grid inductance estimation for different values of estimation time
constant Teg;. ijnj,qa = —0.1 pu is injected, while the VSM is operating at null power. From top to
bottom: estimated grid inductance L .4, virtual rotor speed w, virtual currents i, 4 and i, 4 [75].

4.10.2 Estimation Duration and Noise Rejection

In Test 4 (Fig. 4.12) and Test 5 (Fig. 4.13), the grid inductance and resistance are respec-
tively estimated by injecting i;,; 4 = —0.1 pu and i;,; , = —0.1 pu, while the VSM provides
zero power (P, = O} = 0 pu). The estimation procedure is repeated for different values of
Tes: to evaluate the impact of the integral gain k. on both the estimation duration and the
estimator filtering performance. During VSM operation at zero power, 6 = 0° and the raw
values satisfy L}, ~ Ly .4 and R} ~ R,. Consequently, L, .4 and R, can be directly obtained
from the integral estimator using (4.12)—(4.13), without requiring any data correction from
the data compensator. A peak-to-peak ripple of approximately 0.025 pu is present on

both i, 4 and i, ,. This current ripple originates from measurement noise on v., which



78 Online Grid Impedance Estimation through VSMs

Start of
Procedure
izn]l,q =-0.1 py, Rg =0.035 pu
0.04 +
=
20,02 | 4
g

0 0.035 T
1 1 L L 0.03
0.025

= 1r _
= ﬂ me
3 0.999 - i 1

0998 1 1 — Too — 10 ms

— Tt — 50 ms
m— T,; = 100 ms

Fig. 4.13 Results of Test 5: grid resistance estimation for different values of estimation time constant
Test- Linj,q = —0.1 pu is injected, while the VSM is operating at null power. From top to bottom:
estimated grid resistance I?g, virtual rotor speed w, virtual currents i, 4 and i, 4 [75].

propagates through the VSM electrical model (Fig. 4.1) and affects the computed virtual
currents.

The integral gain k. is set according to the desired 7., neglecting the terms ig eq

and tan¢ in (4.22). Consequently, from (4.23), the real estimation time constant T, ,cas

vtLg eq

exceeds the target 7,5 by a factor of L T = 1.51. The expected theoretical curves of

v

estimated grid inductance and resistance during estimation process can be expressed as
follows:

Lg eq lh:Lg eq.(l_e_"'est,real) (431)
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Ryin=Rg-(1—e Testrear) (4.32)

As shown in Fig. 4.12, the L, ., curves closely follow the pure exponential trend
predicted by (4.31). In contrast, the Rg curves in Fig. 4.13 deviate from the theoretical
behavior of (4.32), displaying superimposed fluctuations caused by Ai, , and Aw variations
during the estimation process. Indeed, the injection of i;,; , induces a sudden variation in
the load angle J, causing oscillations in Aw and Ai, 4, which are subsequently damped
by the active current regulator. Both the transient Ai, , and Aw fluctuations influence
Adg, = A, according to (4.6), thus consequently propagating into the computation of Ry.
Therefore, the response of the active current regulator can affect the overall duration of
the estimation procedure. As 7,y decreases (i.e., with increasing k. ), the R, estimation

becomes more sensitive to fluctuations in Ai, , and Aw.

The integral estimator, behaving as a low-pass filter, inherently attenuates noise on
iv.q4, yielding filtered estimation results. Its cut-off frequency feur—orf s 1 determined
by Tesr.rear according to (4.24) and can be adjusted through the tuning of k.. In Tests
4-5, setting 7.5, = 10 ms yields a cut-off frequency of f..—off ess = 11 Hz, resulting in
a 0.01 pu ripple on both ig eq and Rg. Increasing 7.5 to 50 ms lowers feui—off est 10 2
Hz, reducing the ripple to 0.002 pu. Further increasing 7., to 100 ms provides marginal
additional improvement, with f.y;—o7r ess = 1 Hz and ripple decreasing to 0.001 pu on

both estimated parameters.

4.10.3 Estimation with Grid Impedance Variation

The proposed estimation method is validated by inserting an external inductor L;. (Test
6) or resistor R;.s (Test 7) in series with the LCL filter during the estimation process. The
estimation time constant is set to 7.5 = 50 ms, following the same assumptions as in the
previous tests. Since the VSM operates at zero power during estimation, Lg ., and R, can
be directly computed by the integral estimator, as described in (4.12)—(4.13).

The L, ., estimation during the insertion of L. is shown in Fig. 4.14. The inductance

fnj 4 = —0.1 pu, providing

estimation is initially enabled at 7 <0 s by setting g, = 1 and i
the first computed value. At¢ =1 s, L5, = 0.035 pu is inserted and with the integral
estimator still active, the updated value of inductance is immediately computed. The

resulting variation in grid inductance Al:g eq = 0.033 pu is accurately calculated.



80 Online Grid Impedance Estimation through VSMs

> Insertion of Lsegr = 0.035 pu

0.05 F | — iv,d — Z'i,d — i;fnj,d
T O A O
=)
< -0.05 | 1
Ol ===
0.1 T - -
— Zv, — Z'i»
005 : 5
=}
B0 A
~ 0,05 y
-0.1 : !
0 0.5 1 15 2

Fig. 4.14 Results of Test 6: grid inductance estimation while an external inductor L;; is inserted
in series with the LCL filter and the VSM is providing null power. From top to bottom: estimated
grid inductance Zg eq; d-axis virtual current i, 4, inverter output current i; 4 and injected current
reference i :‘nJ 4> g-axis virtual current i, , and inverter output current i; , [75].

A similar procedure is performed for grid resistance. The estimation of R, is carried
out while Ry 1s inserted, as shown in Fig. 4.15. An initial resistance estimation is
obtained at 7 <0 s by setting gg, = 1 and i}, ia= —0.1 pu. Atz =1 s, the additional resistor
Riest = 0.023 pu is inserted and the resulting grid resistance change AR, = 0.025 pu is
accurately computed by the estimator.

4.10.4 Estimation at VSM Startup

In Test 8 (Fig. 4.16), the grid impedance estimation is performed at system startup, with
the VSM only tracking the grid frequency and providing the position 6, while the virtual
current i, is not applied as the inverter current reference i (i.e., gysy = 0 in Fig. 4.8). At
startup, the power converter is not delivering power. Therefore, the integral estimator can
directly compute L, ., and R, according to (4.12)—(4.13), rendering data refinement via

the data compensator unnecessary. The proposed algorithm sequentially estimates the grid
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Fig. 4.15 Results of Test 7: grid resistance estimation while an external resistor R, is inserted in
series with the LCL filter and the VSM is providing null power. From top to bottom: estimated grid
resistance Rg; d-axis virtual current i, 4 and inverter output current i; 4; q-axis virtual current i, 4,
inverter output current i; , and injected current reference i, i [75].

inductance (light blue highlighted) and resistance (pale orange highlighted) with 7.5 = 50
ms, following the procedure applied in Tests 1-3. The references i;.*nj’ g and i; uj.q Are set to
+0.1 pu to validate the estimator also in the event of positive current injection into the grid

through the current injection block. Since i, is not used to compute the inverter current

*

references, i =i}, ; during the estimation process and both the inverter output currents

i;q and i; 4 accurately track the step variations of i;‘nj d and i;.*nj . Similar to Test 4, the
Zg ¢q curve follows an exponential trajectory. Likewise, as in Test 5, the Rg curve shows
oscillations superimposed on an exponential trend. Since i, 4 is calculated but not injected

into the grid (gysy = 0), these fluctuations are entirely due to Aw deviations.

The results of Test 8 demonstrate that the proposed method can accurately estimate
both grid inductance (€, = —3.3 %) and resistance (eg, = —1.4 %), even when the VSM
is solely used to track the grid position without controlling the inverter current. This
functionality enables the safe tuning of the VSM functional blocks [43], [52], [53], [55],
[57] even before the VSM is actively controlling the inverter, thus delivering power.
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Fig. 4.16 Results of Test 8: grid inductance and resistance estimation when the VSM output
command is disabled (gysys = 0), i.e., the VSM current i), is not used as inverter current reference
i7. From top to bottom: measured Lg ., and estimated ig eq grid inductance; measured R, and
estimated R, resistance; virtual rotor speed w; d-axis virtual current i, g4, inverter output current
i; 4 and injected current reference i:.‘nj’ P g-axis virtual current i, 4, inverter output current #; , and

injected current reference i, i [75].

4.11 Experimental Validation: Islanding Detection

The system configuration employed for the experimental tests is depicted in Fig. 4.17. A

three-level neutral point clamped (NPC) 8 kVA VSM-driven inverter for applications in
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Fig. 4.17 Scheme and pictures of the hardware setup used for the experimental tests of unintentional
islanding detection according to [112].

battery energy storage systems [21] is equipped with the proposed grid impedance estimator
and the estimation evaluation algorithm (Fig. 4.7) to automate the estimation procedure,
thus rapidly detecting significant grid impedance variations in the event of unintentional
islanding. The inverter control system is based on an STM32G474 microcontroller and it
operates with a switching frequency of 72 kHz and a sampling frequency of 18 kHz. The
inverter DC-link is powered by a constant voltage source that emulates the behavior of the
battery pack.

The implemented VSM model is the S-VSC [46], configured in its VSC mode (Fig.
3.8) and tuned according to the same parameter settings used in Tests 1-8, while the
estimator time constant is set to 7,5, = 5 ms to accelerate the estimation process and the
injected current references are Ai;j, 4 = A i = —0.05 pu. An error evaluation threshold
I';, = 0.08 pu is set for the estimation evaluation algorithm.

The VSM-driven inverter is connected to an ITECH 21 kVA regenerative grid simulator,
able to emulate a 50 Hz, 400 Vs grid with an RLC load connected in parallel. The
inverter is interfaced to the grid emulator through an LCL filter with Ly = L7, =250 uH
and Cy = 6.8 yF. The resonant load is tuned according to the IEEE unintentional islanding
test specifications [112]: the resistance R, is set to absorb the nominal active power of 8
kW (i.e., R, = 1 pu), while the inductance L, and the capacitance C, exchange a reactive
power of 8 kVar (i.e., X;, =L, =1 puand Xc, = —1/C, = —1 pu), with an equivalent
null load reactance as seen from the inverter. The inverter and the RLC load can be
disconnected from the emulated grid by opening a virtual switch controlled through the g,

signal. Table 4.3 summarizes the main parameters of the system.
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Table 4.3 Main data of the experimental setup for anti-islanding test.

Base Values Inverter VSM LCL Filter Resonant Load

Sy, 8kVA S, 8kVA L, 03pu Ly 0004pu R, 1.0 pu
Vo 400 Vi I 16A R, O0.lpu Liz 0004pu L, 1.0 pu
£y S50Hz Vg 650V H 05s C; 0043pu C, 1.0 pu
Zs 20Q fy 72kHz ( 0.7

Ly 637mH f, I8kHz 7Teq  5ms

C, 0.16mF T 0.08pu

As shown in Fig. 4.18, the inverter and the resonant load are isolated from the grid
by commanding the switch opening through g, at t = 0 s, while the inverter is providing
P; =1 pu and Q; = 0 pu. The estimation process is triggered by the proposed estimation
evaluation algorithm, which requires around 100 ms to detect a potential unintentional
islanding condition. The grid impedance estimator is thus enabled and detects a grid
impedance variation compatible with an unintentional islanding condition, mainly due to
the large grid resistance variation to R, = R, = 1 pu, while the estimated grid inductance is
negligible, consistently with the system configuration. The estimation procedure therefore
ends at t = 1.39 s with the triggering of the anti-islanding protection. In this test, the
full estimation procedure is executed solely to illustrate the algorithm. Nevertheless,
the anti-islanding protection can be enabled immediately after estimating R,, once its
significant variation is detected, i.e., at approximately ¢ = 0.3 s. Anyway, the detection of

the unintentional islanding occurs within the 2 s time limit imposed by the standards [111].

4.12 Conclusion

The knowledge of the grid impedance is essential for the proper tuning of the VSM
control, thus ensuring the reliable operation of VSM-driven grid-connected inverters. This
chapter introduces a dedicated VSM-based closed-loop estimator that exploits the intrinsic
dependence of the VSM dynamic response on the grid parameters to determine both the

equivalent grid inductance and resistance.

The proposed estimator represents an add-on functionality that can be integrated into

any VSM model. It is activated when an amount of current not processed by the VSM is
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Fig. 4.18 Results of anti-islanding test: the grid resistance and inductance estimation is triggered by
the proposed estimation evaluation algorithm. From top to bottom: real R, and estimated ﬁg grid
resistance; real Lg ., and estimated L ¢,eq grid inductance; error variable I" and its threshold I7;
measured grid peak voltage V. and VSM speed w; inverter peak output current /;.

directly injected into the grid via the lower-level inverter current controller. Only a small
external current injection (+0.1 pu) is required to achieve accurate estimation results, while

ensuring minimal perturbation of the power system during the estimation process.

The proposed method performs real-time grid parameter estimation using a basic
integral estimator, eliminating the need for complex mathematical tools like Fourier
Transform, Kalman filters, or RLS algorithms. At the end of the process, a simple algebraic

adjustment compensates for the effects of load angle deviations on the estimated results.
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Furthermore, the estimator intrinsically mitigates noise originating from voltage and
current measurement disturbances, eliminating the need for advanced filtering techniques
such as Kalman filters. This makes the proposed algorithm especially well-suited for field
applications in disturbed environments. The estimator can be adjusted to achieve a desired
response time and level of noise rejection, allowing the estimation duration to be shortened
in less noisy conditions.

The estimation of grid inductance and resistance can be manually triggered by the
user. Alternatively, the estimation procedure can be fully automated by implementing the
estimation evaluation algorithm. This transforms the estimator into an event-driven solution,
suitable for applications requiring rapid identification of grid impedance variations, such

as the unintentional islanding detection.

The experimental results confirm that the proposed method provides accurate grid
impedance estimation with effective noise filtering and fast dynamic response across
different VSM operating conditions. Notably, accurate estimation is achieved even when
the VSM is enabled and synchronized to the grid but its output commands are not used as
inverter current references. This feature can be exploited during the startup phase to safely
tune the VSM functional blocks. Nevertheless, the capability of the proposed algorithm to

detect unintentional islanding conditions is also demonstrated.



Chapter 5

Active Power Filters in Industrial
Environments

This chapter focuses on the following objectives:

* [llustration of the APF hardware architecture adopted in this thesis;

* Description of the APF control strategy implemented for the experimental tests

presented in the following chapters;

* Presentation of the case study addressed in this thesis, i.e. the installation of APFs
in end-of-line final functional testing systems of industrial power converters used in

electric drive applications.

Accordingly, this chapter provides the background for the subsequent two chapters,

which discuss the novel contributions of this thesis in the field of industrial APFs.

5.1 General Structure of the Hardware on Study

Among the various types of APFs, shunt-type APFs are the most widely industrialized [38].
They are connected in parallel with the distorted load, e.g., a diode or thyristor front-end
rectifier, injecting compensating non-sinusoidal currents to ensure that the overall grid
current remains sinusoidal and the system operates at unity power factor. Due to its

extensive industrial deployment, this APF topology is adopted in this thesis.
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Fig. 5.1 Hardware block scheme for a shunt-type APF compensating for the distorted current
injected by a non-linear load.

The reference hardware for the shunt-type APF operating in parallel to a non-linear

load is depicted in Fig. 5.1. The APF consists of a grid-tied inverter with a floating DC-link,
i.e., not supplied by any DC source. The inverter is connected to the PCC through two

filtering stages:

* Differential-mode (DM) LCL filter: As in the other grid-connected inverter appli-

cations [39], DM LCL filter represents the conventional solution for interfacing APFs
with the grid in applications rated above several kilowatts [113], [114], [115], [116].
Its function is to attenuate the current ripple produced by the inverter switching ac-
tion, thus ensuring compliance with international harmonic distortion standards [13].
The DM LCL filter consists of an inverter-side inductor L, a filter capacitor Cy

with in series a damping resistor Ry and a grid-side inductor L z,;

Common-mode (CM) filter: It is in charge to limit the circulation of high-frequency
CM currents [117], [118], [119] due to the presence of parasitic capacitances between
the wires and the chassis of the converter and the ground. CM currents can cause grid
current distortion, safety issues, increase of the system losses and electromagnetic
interference with other equipment connected to the grid [120], [121], [122]. An
in-depth analysis of this hardware component lies outside the scope of this thesis.
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Fig. 5.2 Block diagram of the whole APF control system [123].

In the described system, i, denotes the grid current, i; the load current, v . the grid

phase voltage measured at the PCC, iy the inverter output current flowing through Ly, i,

the current in the RC branch and i s, the APF current flowing through L 7, and injected at

the PCC.

The APF controller determines the switching signals g™ to drive the inverter switches,

thus compensating for the distorted and reactive components of the load current ;.

5.2 Adopted Control Strategy

The adopted APF control method is the solution proposed in [123], whose overall block

diagram is depicted in Fig. 5.2. The main blocks of the control are as follows:

* Voltage Filter and PLL: This block filters the measured PCC voltage in (a,3)

reference frame v .. qop through a sinusoidal signal integrator (SSI). The filtered

outputs are then applied to a standard phase-locked loop (PLL) consisting of a

proportional-integral (PI) regulator and an integrator. The PLL operates by locking

the phase through nulling the voltage in the g-axis. It means that any current

vector lying on the d-axis of the grid-synchronized (d,q) rotating reference frame

corresponds to an active power exchange with the grid, whereas any current vector

lying on the g-axis implies a reactive power exchange [124]. The grid position 6 is
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Fig. 5.4 APF reference current generation.

thus computed and used by the other control blocks. The operation of this control

feature is depicted in detail in Fig. 5.3;

DC Voltage Regulator: It is responsible for regulating the DC-link voltage v.. It

*

d,1
corresponding to the active current component required to maintain the DC-link

consists of a simple PI regulator, whose output is the d-axis current reference i

voltage level;

Reference Current Generator: This block is in charge of computing the current
references in stationary (a,3) reference frame i, 5 (Fig. 5.4). The measured dq-load
current #; 4, is first calculated by applying a rotational transformation to the of3-load
current i ,g. Then, the d-axis current signal i; 4 is processed by a high-pass filter
(HPF) with a cut-off frequency of 20 Hz to remove the low-frequency term related
to the active current absorbed by the load. The resulting signal is then summed with
i’[‘},l obtained from the DC-link voltage regulator and the d-axis reference current i,
is computed. Instead, the g-axis current signal i; , is not processed, with the g-axis

reference current i, = i; 4. Finally, 7, 5 is obtained with a rotational transformation.
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Fig. 5.5 Block diagram of the adopted APF current control.

Current Control: The adopted current controller is depicted in Fig. 5.5. A
proportional-sinusoidal signal integrator (P-SSI) regulator tuned at the grid fun-
damental frequency and operating in stationary (o,3) reference frame is in charge of
performing the fundamental reactive current control and the DC-link voltage regu-
lation. Instead, SSI regulators operating in synchronous (d,q) reference frame and
rotating at the grid frequency are tuned at the harmonic orders 6k, with k = 1,2,3,4.
Each SSI regulator compensates for the 6k — 1 and 6k + 1 harmonics of negative
and positive sequence, respectively, collapsing on the 6k harmonic in synchronous
(d,q) reference frame. Thus, the controller computational effort to calculate the

reference voltage v’ , and achieve the desired harmonic compensation is minimized,

B
while the APF is able to compensate for current distortion components up to the 25

harmonic.
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Finally, the computed reference voltages v, are provided to the pulse-width modulator
(PWM), which generates the inverter commands ¢* according to the adopted modulation
technique (Fig. 5.2).

5.3 Case Study: APFs in Inverters Production Lines

With the increasing complexity of modern electronic equipment, the performance and reli-
ability requirements for power electronic systems, along with those of their manufacturing
processes, have become progressively more stringent. To satisfy these heightened demands,
manufacturers of power converters commonly install regenerative testing systems within
their production lines. These systems enable power converters end-of-line testing, thus
reducing the likelihood of early-life failures while concurrently minimizing power drawn
from the electrical grid and, as a result, decreasing the overall operational costs of the
production facility [125], [126].

A possible regenerative testing methodology consists in evaluating the power converter
by supplying a target motor mechanically coupled to a braking motor, which functions
as a mechanical load emulator, within a back-to-back configuration (case (a) of Fig. 5.6)
[127]. The power drawn by the braking motor can be returned to the grid only when it is
driven by a bidirectional AC-AC power converter. However, when the converter under test
has a high power rating, this testing approach becomes challenging. Specifically, the test
bench, which comprises two motors and additional power electronics, becomes both bulky
and costly [125]. Furthermore, a mechanical testing system necessitates additional safety

protocols and maintenance, particularly when operating at high power and/or speed levels.

Owing to the limitations of the above-described approach, a more recent regenerative
testing method, referred to as the virtual load [126] or virtual machine [128], has been pro-
posed to reduce testing costs. In this approach, the electrical machines in the regenerative
system are replaced by a single power electronic converter capable of bidirectional power
flow, comprising two voltage source inverters arranged in a back-to-back configuration
(case (b) of Fig. 5.6). The virtual load offers flexible controllability, enabling the testing
of the converter under test (CUT) under a wide range of operating conditions, including

variations in output current, voltage and frequency.

An alternative regenerative approach, suitable when space constraints are not a primary

concern, involves incorporating a transformer within the regenerative loop with an appro-
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Fig. 5.6 Principle scheme of a shunt-type APF compensating for the distorted current injected by
the passive front-end rectifier of the CUT during its final functional test in the regenerative system.
The regenerative system equipment can include: a target motor (M) coupled with a breaking motor
(B), which is interfaced to the grid through an inverter (a); a single power electronic converter with
bidirectional power flow, comprising two voltage source inverters connected in a back-to-back
configuration (b); a transformer (c).

priate turns ratio (case (c) of Fig. 5.6). This configuration reduces maintenance costs and
eliminates the need to control additional converters beyond the CUT. However, it restricts
testing to the fixed grid voltage and frequency. Consequently, this method is particularly
well suited for evaluating converters that operate in the field at nearly constant operating

points, such as those used in compressed air systems and vacuum pumps.

The CUT examined in this thesis is a power converter featuring an uncontrolled AC-DC

input stage (e.g., thyristor or diode rectifier) and a DC-AC voltage source inverter at the
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output stage. Regardless of the regenerative configuration employed, the active power
recirculates within the regenerative system during testing. Consequently, the current drawn
from the grid consists primarily of a small amount of active current to compensate for
system losses, in addition to the distorted current produced by the CUT grid-side rectifier.
With this type of configuration, the distorted current significantly exceeds the fundamental
current drawn at the PCC, rendering the regenerative system a highly distorted non-linear
load for the grid.

For these types of applications, the installation of a shunt-type APF in parallel to the
regenerative system becomes essential to ensure compliance with international standards
for harmonic distortion limitation [13]. In this context, the APF conceptually cancels the
current drawn from the grid (Fig. 5.6), except for the active current associated with the
CUT losses, thus providing substantial benefits in terms of the sizing, cost and efficiency

of the facility power lines.



Chapter 6

Dedicated Discontinuous Pulse-Width
Modulation for Industrial APFs

This chapter proposes an APF-dedicated generalized DPWM technique, referred to as

APF-GDPWM, specifically designed for APFs operating in disturbed environments, such

as industrial plants. This chapter presents the following contributions, which are addressed

in dedicated sections:

* The introductory section explains the advantages of implementing DPWM tech-

niques in grid-tied inverters. It also discusses why conventional DPWM solutions

developed for AFEs and electrical drives are not suitable for APFs. Furthermore,
the drawbacks of other APF-dedicated DPWM methods reported in the literature
are highlighted, thus motivating the design of a new generalized DPWM solution

for APFs (APF-GDPWM) that is suitable even for power converters operating in

disturbed environments, such as industrial installations;

* The implementation of the proposed APF-GDPWM method is described in detail,

emphasizing its advantages when operating in disturbed environments, in comparison

with other APF-dedicated DPWM techniques reported in the literature;

* The conduction and switching losses of a two-level three-phase APF are analytically

evaluated for both continuous pulse-width modulation (CPWM) techniques, such
as SVPWM, and the proposed APF-GDPWM, as a function of the total harmonic

distortion (T'H D;) of the load current compensated by the APF;
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* The PWM waveform quality of an APF implementing SVPWM and the proposed
APF-GDPWM technique is examined. The analysis considers the APF compensating
for distorted line currents with different 7H D; levels. Furthermore, specific wave-
form quality indices associated with the PWM techniques are introduced to enable a
comparative assessment between SVPWM and the presented APF-GDPWM;

* Experimental tests on a two-level TRL 9 industrial APF compensating a 260 kVA
regenerative system are conducted to compare the performance of an APF imple-
menting the proposed APF-GDPWM and the other dedicated DPWM solutions for
APFs reported in the literature under different operating conditions of the CUT;

* Final considerations are provided in the concluding section.

The contributions presented in this chapter have resulted in the publication of [129]
and [130].

6.1 Discontinuous Pulse-Width Modulation Techniques
in APFs

While the installation of an APF enhances power quality, it also results in an increase in
active power absorption at the PCC due to the inherent power converter losses. Therefore,
maximizing the APF efficiency is essential to mitigate its impact on overall power line
consumption. Conversely, the APF switching frequency is typically set as high as possible,
at the expense of efficiency, to reduce the size and cost of the grid connection filters [39]
and, simultaneously, to increase the converter control bandwidth, thus enhancing the APF
harmonic compensation capability [131]. The use of DPWM techniques in two-level
three-phase inverters is a well-established approach in the literature for reducing power
converter switching losses by up to 50 %, or, alternatively, for increasing the switching
frequency up to twice its value without adversely affecting the power converter thermal
performance [132].

Each DPWM technique is optimized for a specific power factor value [133]. In
all DPWM algorithms, the output of each inverter leg is clamped to either the positive
or negative rail of the DC-link for one-third of the fundamental period (120°), thus
eliminating the switching losses associated with the clamped phase. A uniform distribution

of switching losses among the power devices is achieved by dividing the clamped region
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into two symmetrical sub-intervals of 60°, ensuring that the leg output is clamped to both
the positive and negative rails for equal duration. Moreover, the clamped intervals of
each phase should be positioned near the positive and negative current peaks to maximize
the reduction in switching losses [134]. In a three-wire power converter, an appropriate
zero-sequence voltage is injected to achieve the desired DPWM [132].

Generalized DPWM strategies have been proposed in the literature to combine standard
DPWMs according to the output power factor [132] or current [134]. However, these
techniques are primarily designed for conventional applications, such as electrical drives
[132], [134], [135] and AFEs [136], [137], [138], [139], where the low-order harmonic
content of the current consists of the fundamental component. In such cases, the power
factor and current vector position can be easily determined, allowing for the calculation of
the optimal clamping interval for each phase. In contrast, an APF must inject multiple har-
monic currents according to the non-linear load behavior. Consequently, its output current
waveform deviates from a purely sinusoidal profile and multiple current peaks may occur
within a single fundamental period. Therefore, accurately estimating the instantaneous
phase shift between the APF voltage and current vectors becomes challenging. For this
reason, generalized DPWM methods that rely on power factor or peak current estimation
are not suitable for minimizing switching losses or increasing the switching frequency in
APFs.

A generalized DPWM solution specifically designed for APFs was proposed in [140].
The algorithm operates at each control period, determining the phase to be clamped based
according the instantaneous values of the three-phase reference voltages and currents. As
a result, switching losses are minimized compared to conventional CPWM techniques,
such as SVPWM. However, the proposed approach was validated only through laboratory
experiments employing a three-phase diode rectifier as a non-linear load, where inductive
or capacitive load behavior was emulated by modifying the DC output configuration.
Consequently, several practical challenges associated with the deployment of APFs in
industrial environments were not addressed. Indeed, this method is particularly sensitive
to noise present in the line currents, which is common in disturbed environments where
numerous grid-connected power converters can inject high-frequency disturbances into the
grid. Such noise is captured by the APF line sensors, compromising the proper computation
of the zero-sequence voltage. Unwanted and repetitive switching of the clamped phase
may thus occur, leading to the following drawbacks:
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* Decreased APF efficiency resulting from the increased number of switching events

within a fundamental period;

* Degradation of the high-frequency quality of the APF output current, resulting in an
increase in the TH D; of the current drawn at the PCC;

* A shift toward higher frequencies (above the kHz range) in the CM voltage harmonic
spectrum of the components associated with zero-sequence voltage injection. The
presence of CM voltage harmonics at elevated frequencies increases the sensitivity

of the system to CM current circulation.

To overcome the limits of the methods available in the literature [140], this chapter
proposes an improved generalized DPWM solution for APFs that is robust against line noise
affecting APF operation in disturbed environments, such as industrial plants. Compared
to [140], the proposed method (APF-GDPWM) improves the APF high-frequency output
current distortion and limits the injection into the grid of CM voltage high-frequency
components due to the zero-sequence, thus beneficially impacting on the design of the CM
filter installed between the power converter and the grid (Figs. 5.1 and 5.6) to limit CM
currents. Moreover, when applied to a standard 2-level IGBT inverter, it allows increasing
the switching frequency up to two times with respect to the SVPWM without modifying
the thermal design of the power converter. The doubling of the switching frequency has
the significant benefit of the increase of the dynamic APF performance due to the higher
regulation bandwidth, resulting in better compensation of the distorted currents [131].
Moreover, the DM LCL filter size and cost can be reduced, while meeting the harmonic

attenuation requirements [13].

6.2 Proposed APF-GDPWM Algorithm

The computation of the zero-sequence voltage v7,, through the proposed APF-GDPWM
solution is outlined in the flowchart of Fig. 6.1. The inputs of the algorithm consist of
the reference voltages v, and currents i”, . The reference voltages v’ = are obtained as
output of the current control regulators (Fig. 5.5.), while the reference currents i, are
computed as depicted in Fig. 5.4.

The reference voltage components vy, v, and v, are compared to find which are the

maximum v, and the minimum v, phase voltages. Consequently, their corresponding
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Fig. 6.1 Flowchart of the zero-sequence voltage v7.,,, computation with the proposed APF-GDPWM

algorithm [129].

phase reference currents are defined as i, and iy. The voltages v, and v, can be clamped to

the positive and negative rails of the DC-link, respectively. Whereas, the clamping of the

remaining phase is not allowed, thus guaranteeing the maximum voltage linearity range

for the APF-GDPWM. Indeed, by defining the modulation index as follows:

M

V*

B Vdc/2

6.1
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where V* is the magnitude of the reference voltage and V. is the DC-link voltage, the

2
V3

maximum value of M preserving linearity in the voltage formation process is M, =
[133].

The maximum switching losses reduction is obtained in each control period if one
of the phases v, or v,, operating with the highest reference current in terms of absolute
value, is clamped to the positive (%) or negative (—%) DC rail. As shown in Fig. 6.2,
six clamping sectors can be thus identified for the reference voltages v;, v; and v;. The
APF output phase voltage is assumed as sinusoidal, even if it provides multiple harmonic
currents. Indeed, the fundamental components of the APF reference voltages are dominant,
since they must balance the grid voltage that can be considered as sinusoidal. Only a
small amount of voltage is provided to compensate for the higher current frequencies
proportionally to the line impedance. For each sector, the phases allowed to be clamped to

the positive and negative DC rails are reported in Table 6.1.

However, high frequencies current disturbances may circulate in power lines, e.g., the
current ripple due to the switching of other grid-tied power converters in the surroundings.
The frequencies of these current disturbances are often within the range defined by the
APF control bandwidth and the sampling frequency. Therefore, they cannot be removed or
compensated through software filtering. These high frequencies disturbances, combined

with a non negligible sensitivity of the line current sensors, affect the current references

*3%k
labc

values of i, and i, are close to each other, a repetitive change of the clamped phase may

and consequently the zero-sequence voltage computation. Indeed, when the absolute

occur. Therefore, a hysteresis selector is implemented into the APF-GDPWM algorithm
to avoid the negative effect mentioned above. A resulting common-mode computation
current i¢p, comp 18 defined as the difference between the absolute values of i, and i,. A
change of the clamped phase is executed only if it exceeds a threshold +Ai;;, which is

tuned considering the current sensors sensitivity and the disturbance amplitude.

The influence of noise on the zero-sequence voltage computation is exemplified in
Fig. 6.3. In this scenario, a constant 4 kHz disturbance with an amplitude corresponding
to 5 % of the peak reference current is injected into the power line, while the APF
compensates for the 5" and 7 current harmonic orders produced by a nonlinear load
exhibiting THD,; = 102 %. The power converter operates with a sampling frequency of
16 kHz. The clamping region n° 6 is grey highlighted and the algorithm computation in
this interval is analysed. For a wide angular range, i;, and ;, corresponding to i, and iy,

respectively, have similar absolute values. Therefore, multiple zero crossings of icy, comp
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Fig. 6.2 Reference voltage space vector diagram divided in six clamping sectors [130].

Table 6.1 Phase voltage clamping sectors [130].

Sector Positive clamped Negative clamped
phase vy phase v,
1 v, —
2 v =
3 v =
4 v, =
5 v, —
6 v, —

occur, resulting in a repetitive change of the clamped phase between v, and v, when Aiy,
is null and the hysteresis selector is thus disabled. Instead, the side effect is completely
eliminated by setting Ai;;, to a comparable value with the noise amplitude (Ai;, = 0.05 pu).
Therefore, the integration of the hysteresis selector into the APF-GDPWM improves the
robustness of the algorithm to disturbances on the line currents, thus avoiding unnecessary
changes of clamping phase and a consequent injection of high-frequency CM voltage
related to the zero-sequence computation. Furthermore, the efficiency is increased since
the number of switching transitions are minimized when the absolute values of i, and i,
are similar.

By setting Ai;;, = 0 pu and bypassing the hysteresis selector, the APF-GDPWM al-
gorithm would be equivalent to the generalized DPWM technique for APFs proposed in
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Clamping Sector

0 [rad]

Fig. 6.3 APF operation with the proposed APF-GDPWM in presence of disturbances in the power
lines. Currents and voltages are normalized. The clamping sector n° 6 is grey highlighted. From
top to bottom: reference currents, common mode computation current, zero-sequence voltage and
phase a reference voltage [130].

[140], which thus results particularly sensitive to high-frequency noise and consequently

not suitable for field applications.

6.3 APF Conduction and Switching Losses

The conduction and switching losses of two-level three-phase PWM inverters used in

electrical drives have been thoroughly analyzed in [132], [133]. However, these results
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cannot be directly extended to an APF, which injects multiple harmonic current components
rather than a single fundamental one. The mean conduction (P.) and switching (Py,,)
losses for a power device (either the switch or the freewheeling diode) in an APF are
determined by integrating the instantaneous losses over one fundamental period. The

corresponding expressions are presented in (6.2) and (6.3):

R Vin
P.= —- I?ellx rms T - Icell,x,m (62)
2 .- 2
_ Esw
Psw = : fvw : Vdc : ksw ' Icell,x,m (63)
Vdc,n : In

where R,, and V;;, denote the on-state resistance and threshold voltage of the power device,
respectively; Es,, Va., and I, represent the reference total energy loss, the nominal
DC-link voltage and the nominal output current, as specified in the datasheet; f,, is the
switching frequency; V. is the actual DC-link voltage; Icei1 xrms and Iceis x.m are the RMS
and mean currents in one of the two unidirectional switching cells into which each inverter
leg can be subdivided. Specifically, x = pos or x = neg indicates whether the positive or
negative unidirectional switching cell is considered, respectively (see Fig. 6.4). A detailed
derivation of (6.2)—(6.3) is presented in the Appendix A.

The term kg, denotes the switching loss factor [132], which relates the switching losses
of the APF-GDPWM to those of standard CPWM techniques, such as SVPWM:

Py APF-GDPWM

kgy = (6.4)

Pgw.cpwm

Unlike in electric drive applications [133], P, depends solely on the current flowing
through the power devices. Indeed, neither the power factor, which is null, nor the
output voltage (or modulation index M) influence the conduction losses. Conversely, the
expression for Py, remains unchanged. Nevertheless, the relationship between 1.7 x rms
and /..;;x.m 1s not unique as in the case of single-harmonic control, but rather strictly

determined by the specific characteristics of the non-linear load being compensated.

The form factor k ¢, establishing the relationship between the mean and RMS values of
the unidirectional switching cell current, is defined as:

Icell,x,m
k= —cbxm (6.5)

Icell,x,rms
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Fig. 6.4 The inverter leg of a two-level three-phase APF (a) is a bidirectional switching cell, which
can be subdivided into two unidirectional cells. Each cell consists of a power switch (e.g., IGBT
or MOSFET) with the related freewheeling diode. The unidirectional cells conduct respectively
POSItiVE iceir, pos (b) and negative iceyy neg (€) currents. Instantaneously, the APF output current is
icell = icell,pos + icell,neg [129]

Conversely, the relationship between the APF RMS output current /.. ms and the
RMS current in the unidirectional switching cell /.. x rms 1S independent of the load being
compensated:

Icell,rms = \/z'lcell,x,rms (66)

Therefore, P. and Py, can be expressed as functions of the APF operating current
Ice11,rms» the type of non-linear load, which influences & ¢, and the implemented modulation
technique, which affects ky,:

Ron Vi
2 2 + Riliy kf : Icell,rms (67)

PC:_'Ice rm
4 ll,rms 2\/5

ESW

P,=—
" \/E'Vdc,n'ln

'fsw Ve - ksw . kf : Icell,rms (68)
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Fig. 6.5 Different examples of non-linear loads. Diode front-end rectifier with capacitive (a),
inductive-capacitive (b) and inductive (c) output and supplying a generic DC load [129].

A common example of a three-phase non-linear load connected to the grid is the
full-bridge diode front-end rectifier [141], [142]. The modeling of the current behavior
of a diode rectifier is not unique, as the distortion introduced by the non-linear load is
influenced in both magnitude and waveform by the type of output filter [38], [123], [141]
and by the ratio between the inductance L and capacitance C of the output filter (Fig. 6.5).

Consequently, for the purposes of a standardized case study, an ideal diode rectifier is
adopted, characterized as follows:

2 443 T
ij(n,0,7) = ——-sin|n-=|-sin(n-60)-K(n) (6.9)
; nm ( 2)
-1, n=6k-1
K(n)=<+1, n=6k+1 ,VkeN (6.10)

0, otherwise

where 7 € [0, %]. The load exhibits non-linear capacitive behavior as 7 — 0 and non-linear
inductive behavior as T — % (Fig. 6.6).
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—-— il,l

-y id

Fig. 6.6 5" and 7" harmonic compensation of a diode front-end rectifier. From top to bottom: ideal
load current (i; ;4) and its fundamental component (i;,1), APF output current (i, ¢). The currents
are normalized with respect to the peak of i; ;. (a) Rectifier with capacitive output (7 = %) and
input THD; = 102 %. (b) Rectifier with LC output (7 = §) and input THD; = 63 %. (c) Rectifier
with inductive output (T = %) and input THD; = 31 %. A real rectifier input current i; . with the
same THD; and RMS of i ;4 is also reported for (a) and (b) [129].
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Fig. 6.7 The form factor k s and the switching loss factor k,, of an APF compensating for the
5 and 7™ harmonic currents absorbed by an ideal diode rectifier. k s and ks, are expressed as a
function of the non-linear load THD; [129].

The impact of the APF-GDPWM on switching losses is analyzed for an APF compen-
sating the 5™ and 7™ current harmonics provided by (6.9). As illustrated in Fig. 6.6, for the
same fundamental current i; ; absorbed by the ideal rectifier, both the load current distortion
THD; and the corresponding compensation effort required from the APF increase in the
event of capacitive output (i.e., as T decreases). The dependence of the parameters k ; and
ks, on the input current distortion 7'H D; of the ideal rectifier is depicted in Fig. 6.7. The
form factor k y remains approximately constant (around 0.6) over the considered range
of THD;, reaching a maximum value of 0.64 for THD; ~ 50 %. The highest switching
loss reduction, equal to 50 % (k,, = 0.5), is achieved with capacitive loads (i.e., for large
values of THD;). Similarly, a significant switching loss reduction of 37 % is observed for
inductive loads, corresponding to kg, = 0.63 when THD; = 31%.

The computation of power device losses is carried out according to (6.7)—(6.8) using
the commercial CM450DX-24T1 IGBT module, in order to demonstrate the effectiveness
of the APF-GDPWM in reducing the overall inverter losses. The electrical characteristics
of both the IGBT and its anti-parallel diode are obtained from the module datasheet [143]
and are summarized in Table 6.2, together with the remaining system parameters. As
illustrated in Fig. 6.8, the switching losses Pg,, represent the main contribution to the
total IGBT losses (Fig. 6.8a), whereas the conduction losses P, are dominant in the diode
(Fig. 6.8b). Consequently, the adoption of the APF-GDPWM instead of a CPWM proves
more advantageous for the IGBT than for the diode, leading to a total loss reduction of
28.2-37.9 % and 16.8-22.4 %, respectively (Fig. 6.8). Given that the IGBT losses have a
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Fig. 6.8 Power devices losses for CM450DX-24T1 IGBT module according to the input THD;
of the ideal diode rectifier. The inverter is operating under the conditions described in Table 6.2.
IGBT (a) and diode (b) conduction losses (P.), switching losses with CPMWs (Pg,,.cpwam)
and APF-GDPWM (Py,, apr-cpprwum)- (c) IGBT, diode and switching cell total loss reduction
obtained with APF-GDPWM with respect to CPWMs. The loss reduction for the switching cell
also corresponds to the overall inverter loss reduction [129].

more significant influence on the overall converter efficiency, the switching loss reduction
achieved by the APF-GDPWM translates into a substantial total loss decrease for both
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Table 6.2 CM450DX-24T1 data and system parameters for power losses computation [129].

IGBT Module Data? System Parameters
Ron,IGBT 3.0mQ Ron,diode 2.7mQ Iapf,rms 150 A
VihIGBT 0.84V Vih.diode 0.75V Vg4 750V
ESW,IGBT 98 .5 mJ Esw,diode 23 .O mJ fSW 8 kHZ
Vdc,n 600V In 450 A

# Data for junction temperature 7, ; = 150 °C and gate-emitter voltage V, , = 15 V.

the switching cell and the entire inverter, ranging from 25.0 % to 33.5 %, with the best
performance observed in the case of a diode rectifier with a capacitive output.

The capability of the APF-GDPWM to reduce switching losses with respect to CPWMs
can be exploited either to enhance the converter efficiency or to increase the switching
frequency, thus yielding additional benefits in the design of the DM LCL filter [39], [113],
[114], [115], [116] and improving the harmonic compensation capability [131]. Indeed,
for an equal total power loss condition, the switching frequency f;, can be increased

according to the following relation:

fsw.cpwm

6.11
ko (6.11)

fsw.APF-GDPWM =

6.4 Analysis of APF Output Current Distortion

The current ripple injected into the grid by the APF i ; is closely related with the flux
ripple 4, which can be obtained by integrating the high-frequency component of the APF
phase output voltage v; generated by the inverter switching:

t
A = / vy di 6.12)
0

ifon="Leg-An (6.13)
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where L., denotes the equivalent output inductance, which varies with the frequency and
depends on both the DM LCL filter parameters and the grid impedance.

The analysis of 1, instead of iy, , provides a standardized framework for discussion,
rendering it independent of the system electrical parameters. An indicator commonly
employed in the literature to assess flux quality is the harmonic distortion factor (HDF)
[144], which can be defined as follows:

2

/lh rms
HDF =9- 2’ (6.14)

b,rms

where Aj, s represents the RMS value of the flux ripple and Ay, 5 s denotes the base

value, defined as:

Vdc

m (6.15)

/lb,rms =

The analytical evaluation of /l%”ms / /li,rms for various modulation strategies, including
SVPWM and DPWM algorithms, is presented in [133] for two-level inverter applications
characterized by a single-frequency output voltage, such as electric drives. The results
obtained are also applicable to APFs, provided that their low-frequency output voltage is

assumed to be purely sinusoidal.

The HDF for APF-GDPWM is evaluated as a function of the modulation index
M using MATLAB scripts, considering an APF that compensates for the 5™ and 71
current harmonics drawn by the ideal diode rectifier described in (6.9). The resulting
values are presented in Fig. 6.9 for different levels of non-linear load THD;. The HDF
curves corresponding to APF-GDPWM are observed to lie between those of DPWMI1
and DPWM3, which represent, respectively, the DPWM strategies with the highest and
lowest harmonic distortion characteristics [132], [133], [140], [144]. In particular, for a
rectifier with inductive output (THD; = 31 %), the waveform closely resembles that of
DPWM3. The HDF for APF-GDPWM increases correspondingly with higher values of
THD;. Fig. 6.9 illustrates that, at the same switching frequency, APF-GDPWM exhibits a
disadvantage relative to SVPWM in terms of harmonic distortion.

However, the HD F analysis can also be conducted under conditions of equal power
losses. In this context, the switching frequency can be increased for APF-GDPWM in
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Fig. 6.9 Harmonic distortion factor under equal switching frequency (HD F) of an APF compensat-
ing for the 5% and 7 current harmonics drawn by an ideal diode rectifier (6.9) [129].

accordance with (6.11). Consequently, the harmonic distortion factor under equal inverter

efficiency, denoted as HD F, is introduced:

HDF"=k> -HDF (6.16)

As illustrated in Fig. 6.10, under conditions of equal inverter losses, APF-GDPWM
exhibits superior distortion performance compared to SVPWM, independent of the load
THD,;. This behavior is particularly notable for M € [0.8, 1], which corresponds to typical
modulation index values during APF steady-state operation, as these values ensure a
sufficient voltage margin for output current control while simultaneously limiting the
required DC-link voltage [140].

The HDF is a valuable metric for assessing the RMS value of the current (or flux)
ripple injected into the grid by the APF. However, it does not convey information regarding
the peak value of 1j, which is a critical parameter for the proper design of the DM LCL

filter inductors. Indeed, accurate knowledge of this peak value is essential to prevent flux
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Fig. 6.10 Harmonic distortion factor under equal inverter efficiency (HD F') of an APF compensat-
ing for the 5% and 7 current harmonics drawn by an ideal diode rectifier (6.9) [129].

density saturation in the inductors. Therefore, the peak-to-peak maximum value of the flux
ripple over a switching period A, ), max 18 computed as a function of M using MATLAB
scripts, as in [145], [146]. The results obtained for both SVPWM and APF-GDPWM are
presented in per-unit form in Fig. 6.11:

_ /lh,pp max

/lh,pp max,pu — A pp—max (617)
V.
/lb,pp max = 6- j{w (6.18)

where Ay pp max,pu @0d Ap pp max denote the per-unit and base values, respectively.

Unlike HDF, the per-unit peak-to-peak flux ripple A5 pp max,pu Obtained with APF-
GDPWM is independent of the non-linear load current THD;. Furthermore, the corre-
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Fig. 6.11 Peak to peak maximum value of flux ripple under equal switching frequency
(Ah,pp max,pu) of an APF compensating for the 5% and 7™ current harmonics drawn by an ideal
diode rectifier (6.9) [129].

sponding curve lies above that of SVPWM for M < 0.95, while the curves coincide for

2
M € [0.95,—].
V3
Similar to HDF, an analysis of A, max,pu can also be conducted under conditions
T] .
S

of equal inverter efficiency. For this purpose, the corresponding indicator A hopp maxpu b

introduced:

/171,1717 max,pu — Ksw * An.pp max.pu (6.19)

As illustrated in Fig. 6.12, under conditions of equal inverter losses, APF-GDPWM
and SVPWM yield comparable peak-to-peak maximum flux ripple values for low M.
Conversely, for high M, particularly within the typical operating range (i.e., M € [0.8,1]),

APFE-GDPWM ensures a lower /lz )
,pp max,pu
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Fig. 6.12 Peak to peak maximum value of flux ripple under equal inverter efficiency (1, ., )

of an APF compensating for the 5 and 7! current harmonics drawn by an ideal diode rectifier
(6.9) [129].

6.5 Experimental Validation

The case study of the non-linear load used in the experimental tests is a regenerative system
employed for the final functional testing of the CUT at the end of the production line, as
shown in Fig. 6.13. In the regenerative system, active power is recirculated through a
line transformer. The CUT, rated at 260 kVA, is a power converter designed for electrical
drives, featuring a three-phase diode rectifier with an output LC filter in the AC-DC
stage (Fig. 6.5b) and a two-level three-phase IGBT inverter in the DC-AC stage. During
full-power operation, the diode rectifier draws a current with a THD; of 34.3 %.

A two-level APF is connected in parallel with the regenerative system (Fig. 6.13) to
mitigate the current harmonics injected by the CUT grid-connected rectifier. It is interfaced
to the grid through an LCL filter with L s = 50 uH, Cy = 64 uF, Ry = 100 mQ and L, = 15
uH. The APF is controlled according to the algorithms presented in Chapter 5 and the
APF-GDPWM algorithm is implemented at f;,, = 16 kHz. It compensates for current
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Fig. 6.13 Scheme of the shunt-type APF in parallel to a regenerative system used for the final
functional tests of industrial inverters [129].

distortion up to the 25" harmonic, while its DC-link voltage is regulated to maintain a
modulation index of approximately M =~ 0.9 during APF operation. A HBM Genesis data
recorder is connected between the LCL filter and the grid to collect electric data, thus
evaluating the overall power converter losses, consisting in both the inverter and LCL filter

losses (Fig. 6.13). The system setup is depicted in Fig. 6.14.

Figure 6.15 illustrates the system steady-state behavior under full-power operation.
Without the APF, the grid current would reach i, = i; = 170.0 Apys. Instead, with compen-
sation provided by the APF, i, is markedly reduced to 32.8 Ay (-80.7 %). The current
injected back into the PCC by the CUT (i,,;) leads the fundamental component of the
current drawn by the CUT (i;,,.1). This phase shift implies a reactive current absorption
by the regenerative system at the fundamental frequency, which is compensated by the
APF along with the harmonic components, resulting in a grid current i, with a unity power
factor. As shown in Fig. 6.15, i,,,, features a high-frequency current ripple caused by the
switching of the CUT (fs,, cur =4 kHz). This high-frequency component propagates to
the PCC and is acquired on i; by the APF controller. As previously explained in Section
6.2, this high-frequency noise can interfere with the computation of the zero-sequence
voltage in APFs implementing the APF-GDPWM technique. The APF compensation
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Fig. 6.14 System setup: APF cabinet with measuring equipment (top) and assembled differential
mode LCL filter (bottom) [129].

performance, as well as the propagation of 4 kHz current noise on the power line, are

further illustrated in Fig. 6.16, which presents i; and i, in the frequency domain.

The performance of the APF implementing the APF-GDPWM is evaluated under two
conditions: proper tuning (i.e., Ai;, = 30 A) and with the hysteresis selector bypassed (i.e.,
Ai;, = 0 A). Disabling the hysteresis selector is equivalent to implementing the generalized
DPWM technique for APFs presented in [140]. Evaluations are conducted while the
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Fig. 6.15 Full-power operation of the regenerative system with connected in parallel the APF. From
top to bottom: phase PCC voltage v ¢c, pn, CUT input current i;,, and its fundamental component
iin,1, CUT output current i,,,;, current absorbed by the regenerative system ij, current injected by
the APF at the PCC iz, grid current i, [129].

regenerative system is operating at full-power (Pcyr = 260 kW) in Test 1 (Figs. 6.17
and 6.18), half-power (Pcyr = 135 kW) in Test 2 (Figs. 6.20 and 6.21) and reduced
power (Pcyr = 28 kW) in Test 3 (Figs. 6.23 and 6.24). Reducing Pcyr results in the
CUT diode rectifier to behave more capacitively, leading to an increase in TH D; of the
input current #;,, which reaches 34.3 % in Test 1, 43.9 % in Test 2 and 106.7 % in Test
3. Moreover, the current magnitude decreases and the sensitivity of the current sensors
reduces, significantly affecting the computation of the zero-sequence voltage when the

hysteresis selector is disabled (i.e., Ai;; = 0). Bypassing the hysteresis selector results
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Fig. 6.16 Compensation capability of the APF, while the regenerative system is full-power operating.
The currents i; and i, are shown in the frequency domain. A 4 kHz disturbance can be observed on
i; and, more attenuated, on i, [129].

in multiple unwanted changes of the clamped phase within a single fundamental period,
especially under the low-power conditions of Test 3 (Fig. 6.23). This side effect is
fully eliminated by setting Ai;;, = 30 A for all system operating conditions, with both the

Vim . . _ v
Viers and the phase modulation index m = Vil

exhibiting trends without repetitive abrupt deviations at the switching frequency. The

zero-sequence modulation index m, =

primary advantage of implementing the hysteresis selector is the reduction of i ¢ 5, thus
mitigating the impact of the APF high-frequency ripple on the TH D; of the total current
drawn at the PCC. Specifically, the RMS value of i 7, , decreases by 12.7 % in Test 1, 13.9
% in Test 2 and markedly by 41.5 % in Test 3.

The benefits of hysteresis selection on the CM voltage are illustrated in Fig. 6.19 for
Test 1, Fig. 6.22 for Test 2, and Fig. 6.25 for Test 3. The harmonic spectrum is categorized

into three distinct ranges:

* Low frequency: It contains the frequency components with f < 1 kHz, which are

associated with the injection of the zero-sequence voltage;

* Mid frequency: It corresponds to the frequency range f € (1,12] kHz, representing

an intermediate region of the harmonic spectrum that typically exhibits low harmonic
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content, as it is minimally affected by zero-sequence injection and lies below the
switching frequency (f;,, = 16 kHz);

* High frequency: It includes all harmonics associated with the inverter switching,
corresponding to f > 12 kHz.

Although the implementation of the hysteresis selector does not affect the overall
CM RMS voltage V., and the high-frequency CM RMS voltage V.., 5,7, it influences the
harmonic distribution within the low-frequency and mid-frequency ranges. Specifically,
without the hysteresis selector, the low-frequency RMS content (V,,,;r) decreases, as
some harmonics associated with the zero-sequence injection shift to the mid-frequency
range. Enabling the hysteresis selector confines these harmonics to the low-frequency
range, thus reducing the system susceptibility to circulating CM currents. As a result, the
mid-frequency CM RMS voltage (Ve ) is reduced by 38.3 % in Test 1, 13.4 % in Test
2, and 72.9 % in Test 3.

The tests results are summarized in Table 6.3, which reports all relevant data for

comparison in both absolute and relative terms.

6.6 Conclusion

This chapter introduces an enhanced discontinuous modulation technique (APF-GDPWM)
specifically designed for APFs operating in disturbed environments. By incorporating a
hysteresis-based selection mechanism into the zero-sequence voltage computation algo-
rithm, the proposed approach effectively eliminates unwanted repetitive changes of the
clamped phase, thus preventing side effects such as an increase of the high-frequency
current ripple injected by the APF into the grid, the generation of high-frequency CM
voltage components associated with zero-sequence voltage injection and the reduction of

the converter efficiency.

The power device losses of the two-level APF are analytically evaluated based on
the non-linear load TH D; and the APF operating current, considering both conventional
CPWMs and the proposed APF-GDPWM. The analytical findings demonstrate that the
proposed method effectively enhances the efficiency of the power converter, independently

of the non-linear load characteristics.
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Table 6.3 Experimental results with the method in [140] (i.e., Ai;;, = 0 A) vs APF-GDPWM (i.e.,

Aizp, =30 A).
Test Notes ‘ Quantity | Aip=0A Aig, =30 A
1 PCUT = Ifg’h 7.9 Arms 6.9 Arms '12.7 %
260 kW ch’lf 137.9 Vrms 14‘0.7 Vrms +2.0 %
THDl - ch,mf 49-3 Vrms 30.4 Vrms '38.3 %
34.3 % ch,hf 193.4 Vrms 192.6 Vrms '0.4 %
Vem 242.6 Vimg 240.5 Vimgs -09 %
2 PCUT = Ifg,h 7.9 Arms 6.8 Arms '13.9 %
135 kW ch’lf 120.6 Vrms 122.4 Vrms +1.5 %
THDl = ch,mf 58-2 Vrms 50.4 Vrms '13.4 %
43.9 % ch’hf 199.8 Vrms 201.1 Vrms +().7 %
Vem 240.5 Vimgs 240.8 Vimgs +0.1 %
3 PCUT = Ifg,h 9-4 Arms 5.5 Arms '41.5 %
28 kW ch’lf 56.3 Vrms 84‘.5 Vrms +50.1%
THDl = ch,mf 89.4 Vrms 24-2 Vrms '72.9 %
106.7 % ch’hf 221.9 Vrms 227.7 Vrms +2.6 %
Vem 245.8 Vimgs 242.2 Vimg -1.5 %

Subsequently, the high-frequency output current distortion of an APF implementing the
APF-GDPWM is analyzed and compared with that obtained using SVPWM. The results
indicate that, under equal inverter efficiency, the APF-GDPWM achieves a reduction in
both the high-frequency peak-to-peak and RMS flux components, thus supporting a more
effective and compact design of the DM LCL filter.

The experimental validation was carried out on a TRL 9 industrial two-level IGBT-
based APF, compensating the distorted current drawn by a regenerative testing system of
400V, 260 kVA industrial AC-AC power converters. Experimental tests conducted in a
real disturbed industrial environment validate the effectiveness of incorporating a hysteresis
selector within the APF-GDPWM scheme, as opposed to the method presented in [140],
which lacks this feature. Indeed, compared to the solution in [140], the APF-GDPWM
reduces both the APF current ripple injected into the grid and the high-frequency CM
voltage components associated with the zero-sequence voltage, thus mitigating the risk of
circulating CM currents.
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Fig. 6.17 Test 1: system steady-state operation while the CUT is providing full-power (Pcyr = 260
kW). The APF is implementing APF-GDPWM with fs,, = 16 kHz in the case of hysteresis selector
disabled. From top to bottom: CUT input current i;,, and its fundamental component i;,, 1, CUT
output current i,,,, current absorbed by the regenerative system i;, current injected by the APF
at the PCC iy, residual APF current ripple injected at the PCC iy, j, zero-sequence modulation
index m. and phase modulation index m [129].
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Fig. 6.18 Test 1: system steady-state operation while the CUT is providing full-power (Pcyr =
260 kW). The APF is implementing APF-GDPWM with fs,, = 16 kHz in the case of hysteresis
selector enabled with Ai;;, = 30 A. From top to bottom: CUT input current i;;, and its fundamental
component i;;, 1, CUT output current i,,,, current absorbed by the regenerative system i;, current
injected by the APF at the PCC i, residual APF current ripple injected at the PCC izq p,, zero
sequence modulation index m. and phase modulation index m [129].
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Fig. 6.19 Test 1: system steady-state operation while the CUT is providing full-power (Pcyr =260
kW). CM voltage v, harmonic spectrum in the low frequency (a), mid frequency (b) and high

frequency (c) ranges [129].
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Fig. 6.20 Test 2: system steady-state operation while the CUT is providing half-power (Pcyr = 135
kW). The APF is implementing APF-GDPWM with fs,, = 16 kHz in the case of hysteresis selector
disabled. From top to bottom: CUT input current i;,, and its fundamental component i;,, 1, CUT
output current i,,,, current absorbed by the regenerative system i;, current injected by the APF

at the PCC iy, residual APF current ripple injected at the PCC iy, j, zero-sequence modulation
index m. and phase modulation index m.
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Fig. 6.21 Test 2: system steady-state operation while the CUT is providing half-power (Pcyr =
135 kW). The APF is implementing APF-GDPWM with f;,, = 16 kHz in the case of hysteresis
selector enabled with Ai;;, = 30 A. From top to bottom: CUT input current i;;, and its fundamental
component i;;, 1, CUT output current i,,,, current absorbed by the regenerative system i;, current
injected by the APF at the PCC i, residual APF current ripple injected at the PCC izq p,, zero
sequence modulation index m. and phase modulation index m.
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Fig. 6.22 Test 2: system steady-state operation while the CUT is providing half-power (Pcyr =135
kW). CM voltage v, harmonic spectrum in the low frequency (a), mid frequency (b) and high

frequency (c) ranges.
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Fig. 6.23 Test 3: system steady-state operation while the CUT is providing one-tenth-power
(Pcur =28 kW). The APF is implementing APF-GDPWM with f;,, = 16 kHz in the case of
hysteresis selector disabled. From top to bottom: CUT input current i;, and its fundamental
component i;;, 1, CUT output current i,,,, current absorbed by the regenerative system i;, current
injected by the APF at the PCC i, residual APF current ripple injected at the PCC izq p,, zero
sequence modulation index m. and phase modulation index m [129].
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Fig. 6.24 Test 3: system steady-state operation while the CUT is providing one-tenth-power
(Pcur =28 kW). The APF is implementing APF-GDPWM with f;,, = 16 kHz in the case of
hysteresis selector enabled with Ai,;, = 30 A. From top to bottom: CUT input current i;,, and its
fundamental component i;;, 1, CUT output current i,,,, current absorbed by the regenerative system
i;, current injected by the APF at the PCC i f,, residual APF current ripple injected at the PCC
i f¢.n» z€ro-sequence modulation index m. and phase modulation index m [129].
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Fig. 6.25 Test 3: system steady-state operation while the CUT is providing one-tenth-power
(Pcur =28 kW). CM voltage v, harmonic spectrum in the low frequency (a), mid frequency (b)

and high frequency (c) ranges [129].



Chapter 7

Design Procedure for Differential-Mode
LCL Filters in APFs

This chapter proposes a step-by-step procedure for designing the grid-interfacing DM LCL
filter of an APF. This chapter is organized as follows:

* The introductory section highlights the role of the DM LCL filter in attenuating
high-frequency current ripple in grid-tied inverters. Furthermore, a literature review
of DM LCL filter design procedures, both for AFEs and APFs, is provided. It is thus
demonstrated that the design procedures developed for AFEs are overly restrictive
when applied to APFs, while procedures specifically developed for APFs tend to
oversize the DM LCL filter, with negative implications for its cost and volume.
This justifies the need for a new design procedure for the DM LCL filter in APF
applications;

* Preliminary considerations on the DM LCL filter are discussed to establish the

relationships necessary for the design phase;

* The proposed procedure is thus presented, providing a detailed description of the
filter parameters calculations and the subsequent validation checks, which verify
both proper filtering performance and the filter non-interference with the APF low-

frequency harmonic control;

* Two design examples are presented for a two-level APF: in one case employing
SVPWM with f;,, = 8 kHz and in the other using APF-GDPWM with f;,, = 16 kHz;
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* Experimental tests are carried out to compare the performance of an APF imple-
menting APF-GDPWM and SVPWM, while interchanging the grid-interfacing DM
LCL filters designed through the proposed procedure;

* The final section presents the conclusions and emphasizes the main contributions of
the work.

The contributions discussed in this chapter were published in [129].

7.1 Research Context & Motivation

A proper design of the DM grid-interfacing filter is required for every grid-connected
power converters to ensure the compliance with current harmonic restrictions at the PCC
[13]. The filter role is to attenuate the high-frequency current harmonics caused by inverter
switching, which are strictly linked to the implemented modulation technique and the
resulting flux ripple A5, as demonstrated in Chapter 6. As reported in the literature, the
LCL filter represents the most widely adopted topology for power applications exceeding a
few kilowatts [39], [147]. In comparison with a conventional L filter and for an equivalent
total inductance, the LCL structure can achieve up to three times greater attenuation at high
frequencies [147], [148], [149], thus offering a more compact and economically efficient
solution.

Given the critical role of the DM LCL filter, numerous design methodologies have
been proposed in the literature for grid-connected inverters [39], [147], [148], [149],
[150] and, more specifically, for APFs [113], [114], [115], [116]. However, the design
criteria established for inverters and rectifiers prove overly stringent when applied to
APFs, particularly with respect to resonant frequency constraints [115]. In particular,
design procedures for APFs emphasize the proper placement of the resonance frequency to
guarantee both proper compensation of low-order harmonics via APF control and effective
suppression of switching-induced ripple components.

The methods presented in [113], [115] and [116] do not account for the fact that the
APF switching ripple should be evaluated on the total current drawn by the system at the
PCC (ig in Fig. 5.1), which depends on both the APF and the non-linear load currents.
Instead, the above-mentioned design procedures constrain the ripple relative to the APF

compensation current (i r¢ ), resulting in filter oversizing with significant implications for
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cost and volume. The design procedure proposed in [114] appropriately sizes the APF
LCL filter based on the line current at the PCC. However, it does not provide detailed

guidelines for selecting the specific values of the inductances and capacitance.

Motivated by the limitations of existing solutions in the literature, this chapter presents
a straightforward step-by-step procedure for designing the DM LCL filter of an APF. The
results of the design procedure depend on both:

* The operating condition of the APF, i.e., the chosen PWM technique, the modulation
index M, the switching frequency f;,, and the highest harmonic component to be

compensated /;

* The characteristics of the non-linear load, i.e., the rated power P;, the fundamental
component of the load current i;; and the load current total harmonic distortion
THD,.

7.2 Preliminary Considerations

The high-frequency single-phase equivalent circuit of the DM LCL filter connecting the
APF to the grid is depicted in Fig. 7.1. During the preliminary design stages, the damping
resistance Ry is neglected. The grid impedance is modeled as a grid inductance Lg, which
can be considered as an additional inductor in series with the LCL filter, enhancing its
high-frequency attenuation. However, its value is typically unknown beforehand, since
it depends on the APF installation location and can vary considerably during operation
[76]. Therefore, to adopt a conservative design approach, L, is neglected in the proposed
procedure. The system transfer functions employed for the filter design are listed below:

2,2
ir(s) | STtw)
Ye(s) = = . 7.1
7(s) va(s)  sLy s+ w} .h
s) = = . )
T T s(Ly+ L) 240l
1
2 _
ws = (7.3)

CrLyg
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Fig. 7.1 High-frequency single-phase equivalent circuit of the LCL filter interfacing the APF to the
grid. The grid inductance Lg and the damping resistance R are neglected and are thus shown in
grey [129].
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Fig. 7.2 Qualitative representation in the logarithmic scale of the magnitude of the admittances
Y¢(s) and Yy (ss) in case of negligible damping resistance R . The resonance frequency wg and
anti-resonance frequency w s are reported in the graph with the attenuation characteristics of the
LCL filter [129].

wy= (7.4)

where the admittances Yy and Y, relate, respectively, the APF-side (i) and grid-side (i s,)
currents to the ripple voltage (v;), with their qualitative trends illustrated in Fig. 7.2; wo
and w s denote the system resonance and anti-resonance frequencies, respectively, which
depend on the APF-side inductance L ¢, grid-side inductance L ¢, and capacitance Cy. To
improve scalability and applicability, the procedure is expressed in per-unit, with the base
values defined as follows:

2
_%

Z, = 7.5
b=, (7.5)
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Ly= Z (7.6)

Wp

1
Cp = 1.7
b= oz (1.7)

where wy, V), and S, are the grid base frequency, phase-to-phase base voltage and power,

respectively.

7.3 Proposed Design Procedure

The grid is considered to operate at its nominal voltage and frequency (i.e., wg = €, = 1

pu), while the non-linear load is assumed to run at full-power (i.e., P; = 1 pu). The design

procedure involves the following computations, to be executed sequentially as listed:

* APF-Side Inductance L s: The parameter is selected to minimize the current stress

on the semiconductor devices, thus limiting the peak current in accordance with
the rating current of the power switches. Consequently, the maximum peak-to-peak

current ripple i £ 4 pp max 18 constrained as follows:

if,h,pp max — ka . Il,l (78)

where ;1 denotes the load peak fundamental current and k., is an attenuation factor,
recommended to lie within the range of 20-30 %.

As in (6.13), i p.pp max 1s influenced by both Ly and Ay pp max, With the latter
depending on the modulation index M and the chosen PWM technique, as depicted
in Fig. 6.11. Accordingly, the following per-unit expression for the inductance L
can be obtained by combining (6.17), (6.18), (7.6), and (7.8):

_ 2n /lh,pp max

Lf=— ——7+—7—— 7.9
! 3 wSW-M-ka ( )

Capacitance Cy: When the APF is connected to the grid but remains disabled, the
reactive power generated by Cr (Q.) must not degrade the power factor at the PCC
beyond an acceptable threshold. Consequently, the following constraint is imposed:
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Qc,max OFF = ka,opF P = ka,OFF (7.10)

where Q¢ nax oFF denotes the maximum allowable reactive power generated by C
when the APF is in the idle state and k¢, ., is a percentage coefficient suggested
within the range of 3-5 %, that relates Q. max oFF to the load active power P;.

During normal operation, the APF can compensate for Q. through a feedforward
control action. Nevertheless, the corresponding power effort must remain limited,
as the majority of the APF rated power S, should be allocated to line current
compensation. Assuming that the APF rated current I, s equals the load distorted
current I; 4 = I;1 - THD, a second constraint on Q. can thus be defined:

Qc,max ON = ka,ON : Sapf = ka,ON -THD; (71 1)

where Q. max on denotes the maximum admissible value of Q. that can be compen-
sated in feedforward mode by the APF and k¢, ,, is a percentage factor suggested
in the range of 3-5 % relating Q. juax on 10 Sapf-

Since, in per-unit terms, Cr =~ Q., an expression for the computation of C can be
derived by combining (7.10)—(7.11):

C; =min (kcf’OFF, ke, on -THDl-) (7.12)

In practice, k¢, .- and k¢, , are typically set to identical values. Consequently,
the most restrictive condition between (7.10) and (7.11) depends solely on the load
input THD;.

* Grid-Side Inductance L ¢,: Once Ly and Cr have been determined, the value of
L ¢ can be calculated following the approach in [39], by combining (7.1)—(7.2) and
imposing the desired current ripple attenuation factor k., = |i ra(8)/i f(s)| at the
switching frequency f;,,. The resulting per-unit expression is therefore obtained as
follows:

(7.13)
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The attenuation coefficient k., is recommended to lie within the range of 10-20
%, with its specific value depending on the adopted PWM strategy. As illustrated in
Fig. 6.9, different PWM techniques exhibit distinct HD F values and, consequently,
different RMS current ripple /¢, ,. For an equivalent impact on the TH D; measured
at the PCC, a modulation technique characterized by a higher HDF requires a
lower value of ki e For example, since HDF « IE: the attenuation factors

fe.h’
corresponding to the APF-GDPWM and SVPWM can be related as follows:

HDFsypwm

(7.14)
HDFapr_-GpPwm

kag,APF—GDPWM = kag,SVPWM ’

Damping Resistance R s: The inclusion of a damping resistor Ry in the LCL filter
is necessary to mitigate current oscillations at the resonance frequency, which arise
from the zero impedance condition at wq. Typically, the value of Ry is chosen to be
proportional to the capacitive reactance, as suggested in [148], [149], according to

the following relation:

1
Ry =
/ 30)()Cf

(7.15)

The suppression of resonant oscillations can be achieved either through the physical
insertion of a damping resistor or by integrating into the APF current control one of
the active damping algorithms proposed in the literature [114], [151], [152], [153],
which emulate the required resistive behavior by means of a virtual resistance. With
the active damping approach, the use of a physical resistor is avoided, resulting in
a notable reduction of overall filter losses. However, a passive damping solution
is employed in this work to prevent the APF current control from being directly

involved in the filter design, thus simplifying the analysis.

Once the filter inductive (L and L r,), capacitive (Cr) and resistive (R ) components

have been determined, the following constraints are verified to prevent resonant behavior,

ensure the proper low-frequency current compensation performed by the APF control,

minimize the impact on power line consumption and guarantee compliance with regulatory

limits on harmonic distortion at the PCC:
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* Resonance Frequency wy: The upper limit for wq reported in the literature [39],
[113], [114], [115], [116], [147], [148], [149], [150] is set to one-half of wy, to

prevent undesired amplification of switching harmonics:

wy < 22 (7.16)
2
If (7.16) is not satisfied, wq can be reduced by increasing L ¢, Cy, or L ¢,, as indicated

by (7.4);

* Anti-Resonance Frequency w s: The APF harmonic compensation performance
can be compromised if w is sufficiently low to interact with the highest-order
harmonic that the APF is required to mitigate. To prevent limitations in current

control, the following constraint is imposed:

wr=2h-w, (7.17)

If the constraint in (7.17) is violated, Cr or L s must be reduced in accordance with
(7.3);

* Damping Resistors Losses P;: LCL filter losses must be limited to reduce their
impact on overall power line consumption. Specifically, P; should not exceed a set
proportion kp, ; of the load rated power P;. At the same time, P, must remain within
limits that prevent excessive stress on the APF cooling system (heatsink and fans),
meaning it should also stay below a defined fraction kp, 4, ¢ of the APF nominal

power Sy, r. Accordingly, the following constraint is applied:

Py <min (kp, s, kp,aps-THD;) (7.18)

where Py = 3R, ., with I,.. denoting the RMS current flowing through the capacitor
Cy.

A recommended value for both kp,; and kp, 4,7 is 1 %. If condition (7.18) is
not satisfied, Ry must be reduced by increasing either wg or Cy, in accordance
with (7.15). Alternatively, /,. can be limited by increasing L ¢, thus improving the

high-frequency current filtering provided by the converter-side inductor.

* Current Ripple I, ;: The residual current ripple from the APF injected at the
PCC should not significantly affect the THD; of the overall grid current (i, in
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Fig. 5.1). The LCL filter must provide sufficient high-frequency attenuation to
ensure compliance with harmonic distortion standards [13], which set a maximum
limit of THD; <5 % for weak grids (SCR < 20). Since the APF installation location
is not predetermined and the SCR is therefore unknown a priori, /7, j, is required
to satisfy the worst-case scenario with an additional 50 % margin, accounting for
partial low-frequency current compensation performed by the APF control, as well

as unmodeled effects and component tolerances:

Ifen <2.5% (7.19)

If the constraint in (7.19) is not met, Ly, Cy, or L s, must be increased to enhance
the filter high-frequency attenuation.

7.4 Design Examples

The procedure described above is applied to design the LCL filter for a two-level APF,
considering the implementation of SVPWM with f;,, = 8 kHz (Filter 1) and APF-GDPWM
with f;,, = 16 kHz (Filter 2), respectively. Table 7.1 reports the system base values, the
operating characteristics of both the APF and the non-linear load and the indices used
for designing the LCL filters. Once the modulation index is set (i.e., M = 0.9), the
corresponding values of HDF and A, max,pu for the design stage can be determined

from Fig. 6.9 and Fig. 6.11, respectively, according to the selected modulation technique.

Table 7.2 lists the calculated parameters (Ly, Cyr, L¢,, and Ry) for both Filter 1 and
Filter 2, along with the switching frequency f5,,, the selected modulation technique and the
corresponding PWM waveform quality indices HDF and Ay, ), max- The table also reports
the resulting values of wq, w¢, Py, and Iy, ,, which comply with the respective constraints
in (7.16), (7.17), (7.18) and (7.19).

While w ¢ and wy are calculated using (7.3)—(7.4), P4 and I 74 5 are determined through
a straightforward MATLAB simulation of the system. Figure 7.3 presents the simulated
waveforms of i, (from which Py is derived), iy, and i rg 5.

The design procedure resulted in the prototyping of L and Ly, using toroidal cores

made of powder-type magnetic material and wound with Litz wire. The same technology
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Table 7.1 System main data and coefficients for the LCL filter design [129].

Base Non-Linear Active Power LCL Filter
Values Load Filter Design Factors

Sh 260 kVA P 1.Opu  Sypr 033 pu ki, 25 %
Vb 400 Vims 111 1.0pu M 0.9 Kc; o 4 %
Wp 314 rad/s THD; 33% h 25 Kcpon 4 %
Z 0.62 Q Kijovpun 15 %
Ly 1.96 mH KL, arcopwat 11 %
Cy 5.17 mF kp,, 1 %

Kp, 1 %

Table 7.2 LCL filter design results [129].

Parameter Filter 1 Filter 2 Constraint
Modulation SVPWM APF-GDPWM -
fsw [kHz] 8 16 B
)\h’pp,max [le] 0.78 0.88 -
HDF [-] 0.26 0.45 -
L¢ [uH] 89 50 ]
Ct [uF] 68 68 N
L, [uH] 48 15 -
R¢ [mQ] 225 136 -
o [rad/s] 21745 - < 25133
- 36007 < 50266
ws [rad/s] 17552 31694 > 15708
P4 [%] 0.21 0.15 <0.33
Itg h [%] 1.00 1.54 <25

was employed for the inductors in both Filter 1 and Filter 2. Photographs of the realized
Ly and L7, inductors are shown in Fig. 7.4 and Fig. 7.5, respectively.
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LCL Filter 1, SVPWM, f,, = 8 kHz
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Fig. 7.3 Simulation results: current ripple in the APF-side inductor L ¢ (i ;) and grid-side inductor
Ly ¢ (ifg.n) and capacitor current (i,.) obtained respectively with LCL Filter 1, SVPWM, fs,, =8
kHz (a) and LCL Filter 2, APF-GDPWM, f;,, = 16 kHz (b) [129].

As the required capacitance Cy and current i,. are expected to be similar for Filter
1 and Filter 2, the same PCB-mounted film capacitors were employed for the capacitor
branch in both prototypes. A picture of the capacitive element is shown in Fig. 7.6.
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Fig. 7.4 View of the APF-side inductor L ¢ of Filter 1 (a) and 2 (b). The inductors are encapsulated
in thermally conductive resin. The volume and weight of each inductor are respectively 2.39 | and
9.6 kg for Filter 1 and 1.30 1 and 5.8 kg for Filter 2 [129].

A | \\\”"q

o’: . olt'
Q\\Vﬁa.

Fig. 7.5 View of the APF-side inductor L ¢, of Filter 1 (a) and 2 (b). The inductors are encapsulated
in thermally conductive resin. The volume and weight of each inductor are respectively 1.59 1 and
6.5 kg for Filter 1 and 0.74 I and 2.6 kg for Filter 2 [129].

The designed LCL filters have been assembled, and for both, the actual admittance
Y¢(s) was measured using a Hioki IM3536 LCR meter. A comparison between the
expected and experimentally measured admittances is presented in Fig. 7.7. Despite
minor differences in resonance and anti-resonance frequencies and in damping caused
by component tolerances, the measured admittance curves closely follow the ideal ones
for w < hw, and w > wy,,, thus ensuring the intended filter behaviour within the control
frequency range and the required high-frequency attenuation.
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Fig. 7.6 View of the capacitor board used both in Filter 1 and 2 [129].
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Fig. 7.7 Expected (i.e., ideal) and measured (i.e., real) curves of Yy for LCL Filter 1 and 2. The
ideal curves are obtained from (7.1) [129].

7.5 Experimental Validation

The system setup employed for the experimental validation in Chapter 6, consisting of
a 260 kVA regenerative system with installed in parallel a TRL 9 industrial 2-level APF
(Fig. 6.13), is reused to carry out the performance comparison tests between the APF-
GDPWM and the SVPWM. Moreover, the APF can be alternatively connected to the grid
through LCL Filter 1 or 2, both designed according to the proposed procedure, with their
specifications listed in Table 7.2. The implemented APF control strategy is the algorithm
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presented in Chapter 5, while the DC-link voltage is controlled to maintain M = 0.9 and

the non-linear load current compensation up to 25™ harmonic order is performed.

Power measurements were performed using the HBM Genesis data recorder connected
between the LCL filter and the PCC (Figs. 6.13 and 6.14). The tests were conducted
with the APF operating under three different configurations, while the regenerative system
delivered full-power (Pcyr = 260 kW). In Case I (Fig. 7.8), the APF operates using
SVPWM at f;,, = 8 kHz and it is connected to the grid via LCL Filter 1. In Case 2 (Fig.
7.9), LCL Filter 1 is retained, while the APF employs APF-GDPWM at f,, = 16 kHz. In
Case 3 (Fig. 7.10), the APF uses APF-GDPWM at f;,, = 16 kHz, while it is interfaced to
the grid through LCL Filter 2. The tests results are summarized in Table 7.3.

By comparing Case I and Case 2, the power devices losses theory presented in Chapter
6 is experimentally confirmed. Indeed, it is outlined that APF-GDPWM, compared to
SVPWM, enables a doubling of the switching frequency from 8 kHz to 16 kHz without
increasing total losses. Notably, without modifying the existing hardware (i.e., power
switches and LCL filter), the measured losses for the converter operating at f;,, = 8 kHz
and using SVPWM are slightly higher than those measured with the converter operating at
fsw = 16 kHz and using APF-GDPWM (0.94 % vs 0.83 % of Pcyr). An overall reduction
in converter losses is achieved, despite the regenerative system being an inductive non-
linear load (THD; = 34.3 %) and the switching losses reduction being less pronounced in
this case, as discussed in Chapter 6. This is because the use of APF-GDPWM also reduces
the capacitor current i,., resulting in lower damping resistor losses: 0.22 % for SVPWM
at f5,, = 8 kHz, compared with 0.10 % for APF-GDPWM at f;,, = 16 kHz. LCL filter
losses were not considered in the theoretical analysis of Chapter 6. Their reduction further
confirms the effectiveness of APF-GDPWM. Moreover, the doubling of the switching
frequency in Case 2 reduces the current ripple iz, , injected into the grid by the APF from
1.63 % to 1.33 % of ijy ;.

The comparison between Case I and Case 3 indicates that employing APF-GDPWM
with a doubled switching frequency allows for a more compact filter design, reducing
the installed inductance, the volume and the weight, while achieving similar performance
regarding the APF current ripple iy, 5, total converter losses Pj,s; and damping resistor
losses P,. In particular, LCL Filter 2, relative to LCL Filter 1, achieves a 53 % reduction
in total inductance (137 vs. 65 uH), a single-phase Ly inductor with 46 % smaller volume
(2.39 vs. 1.30 1) and 40 % lighter weight (9.6 vs. 5.8 kg) and a single-phase L r, inductor
with 54 % reduced volume (1.59 vs. 0.74 1) and 60 % lower weight (6.5 vs. 2.6 kg). The
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SVPWM, f., = 8 kHz,
LCL Filter n° 1

Fig. 7.8 Case 1: APF steady state operation in case of SVPWM at f;,, = 8 kHz and installation of
LCL Filter 1. From top to bottom: phase PCC voltage v, pn, phase modulation index m, CUT
input current i;;, and its fundamental component i;,, 1, CUT output current i,,,, current absorbed by
the regenerative system ij, inverter-side APF current i ¢, current injected by the APF at the PCC i s,
high frequency current ripple i 7 , and i ¢, capacitor current i, [129].
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APF-GDPWM, f,, = 16 kHz,
LCL Filter n° 1

300 T T T

Fig. 7.9 Case 2: APF steady state operation in case of APF-GDPWM at f,, = 16 kHz and
installation of LCL Filter 1. From top to bottom: phase PCC voltage v ¢c, pn, phase modulation
index m, CUT input current i;, and its fundamental component i;, 1, CUT output current i,,,,
current absorbed by the regenerative system i;, inverter-side APF current i 7, current injected by the
APF at the PCC i ¢, high frequency current ripple i ¢ 5, and i ¢, 5, capacitor current i, [129].
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APF-GDPWM, f,, = 16 kHz,
LCL Filter n° 2

300 T T T

Fig. 7.10 Case 3: APF steady state operation in case of APF-GDPWM at f,, = 16 kHz and
installation of LCL Filter 2. From top to bottom: phase PCC voltage v ¢c, pn, phase modulation
index m, CUT input current i;, and its fundamental component i;, 1, CUT output current i,,,,
current absorbed by the regenerative system i;, inverter-side APF current i 7, current injected by the
APF at the PCC i ¢, high frequency current ripple i ¢ 5, and i ¢, 5, capacitor current i, [129].
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Table 7.3 Experimental results with SVPWM vs APF-GDWPM [129].

Quantity Unit Case 1 Case 2 Case 3
LCL Filter - 1 1 2
Modulation - SVPWM APF-GDPWM  APF-GDPWM
faw kHz 8 16 16

It n % 1.63 1.33 1.86

Py* % 0.22 0.10 0.16

Pioss % 0.94 0.83 1.07

* Py is not directly measured, but estimated by considering the damping resistance Ry
and the capacitor current i,., while neglecting the skin effect.

obtained values of i 7 , and P4 comply with the constraints specified in (7.18)—(7.19) for
both Case I (ifgn =1.63 %, Py =0.22 %) and Case 3 (ifgn = 1.86 %, Py =0.16 %).
Meanwhile, the overall APF power losses Pj,ss amount to approximately 1 % of Pcyr for
both cases (0.94 % in Case 1 and 1.07 % in Case 3), ensuring minimal impact of the APF

on the system total power consumption at the PCC.

7.6 Conclusion

This chapter proposes a step-by-step design methodology for the DM LCL filter used to
interface an APF to the grid. The design procedure aims to achieve a filter configuration
that minimizes the installed inductance and capacitance, thus reducing the cost, weight and
volume of the application, while still meeting the harmonic distortion requirements im-
posed by standards, avoiding interference with the low-frequency harmonic compensation
performed by the APF control and limiting power losses. The design procedure considers
both the characteristics of the non-linear load, including the system rated power and the
line current total harmonic distortion, as well as the operating conditions of the APF, such

as the chosen modulation technique, the switching frequency and the modulation index.

The experimental results were obtained by interchanging the designed LCL filters
used to interface the TRL 9 two-level industrial APF with the grid and by applying either
SVPWM or APF-GDPWM, while the APF compensates for the harmonic distortion
injected by a 260 kVA regenerative testing system for industrial AC-AC power converters.
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The test results indicate that, compared to SVPWM, APF-GDPWM allows more effective
utilization of the existing hardware (i.e., power switches, cooling system and DM LCL
filter) by allowing the switching frequency to be doubled from 8 kHz to 16 kHz, thus
resulting in reduced current ripple and lower power losses. Furthermore, the increased
control bandwidth improves dynamic performance and enables compensation of higher-
order harmonics. Alternatively, implementing APF-GDPWM with the doubled switching
frequency permits the use of a more compact and cost-effective DM LCL filter, achieving
a 46 % reduction in volume and 40 % in weight for the converter-side inductor L s and a 54
% reduction in volume and 60 % in weight for the grid-side inductor L r¢, while preserving
the APF compensation performance and efficiency achieved with SVPWM.

Concluding, a two-level APF implementing APF-GDPWM can represent a cost-
effective alternative compared to more expensive solutions, such as three-level inverters
using standard SVPWM.



Chapter 8

Conclusion and Future Works

8.1 Conclusion

Both VSMs algorithms and APFs represent a valid solution to provide the full or partial
spectrum of grid ancillary services, which are normally in charge to SGs. These applica-
tions facilitate the penetration of grid-tied power converters, particularly inverters used for
grid-interfacing RESs and high-power loads in the case of VSMs, as well as non-linear

loads such as diode or thyristor front-end rectifiers in the case of APFs.

This PhD thesis proposes innovative control strategies for both VSMs and APFs aimed
at enabling the proper provision of grid ancillary services, with particular attention to
limiting component stress, mitigating premature aging phenomena, reducing converter
losses and ensuring compliance with grid-tied power converters standards. Nevertheless,
hardware design guidelines are provided with the purpose of developing solutions suitable

for the proposed control strategies, while reducing converter volume, weight and cost.

The dissertation is divided into two main parts: one addressing control algorithms
for VSM applications and the other focusing on control aspects and hardware design

considerations for APFs.

Virtual Synchronous Machines

The principal contributions related to VSMs are summarized as follows:
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* Power Coupling in VSMs: This phenomenon can induce reactive power injection
during active power support and vice versa, leading to unnecessary current stress on
power devices and the propagation of power fluctuations from the inverter AC-side
to the DC-stage, potentially shortening the lifespan of DC-connected batteries. To
address this issue, a feedforward-based solution is proposed and integrated into the
VSM model, ensuring complete active—reactive power decoupling while the VSM
provides grid support. This topic has been thoroughly examined in Chapter 3 of this
PhD thesis and the results obtained have led to the publication of [C4] and [J3];

* Grid Impedance Estimation Through VSM-Driven Inverters: Accurate knowl-
edge of grid impedance is essential for properly tuning the VSM control blocks and
inverter current controllers. Since existing estimation methods are mainly designed
for grid-following converters and have limitations when applied to VSM applica-
tions, this thesis proposes in Chapter 4 a dedicated VSM-based grid impedance
estimator. The estimator can be integrated into any VSM model, inherently rejects
measurement noise common in industrial environments and is fully tunable with
respect to estimation time and achieved accuracy. The designed estimator has been
registered as a national patent [P1] and has resulted in the publications [C1], [C2]
and [J2].

Active Power Filters

The main achievements pertaining to APF applications are summarized as follows:

* Dedicated DPWM Technique for APFs: The designed APF-GDPWM algorithm,
presented in Chapter 6 of this thesis, is robust against power line noise acquired by
APF line current sensors, making it particularly suitable for industrial environments
where voltage and current disturbances are common. Compared to conventional
SVPWM, the proposed DPWM method allows more efficient use of existing hard-
ware by reducing the devices losses and enables the doubling of the switching
frequency, thus decreasing high-frequency current ripple injected into the grid. The
APF-GDPWM algorithm is currently implemented in TRL 9 industrial APFs in-
stalled at the Prima Electro S.p.A. facility and used to cancel the harmonic distortion
generated by regenerative systems during the end-of-line testing of AC—AC industrial
inverters. Moreover, the design of this APF-dedicated DPWM solution has led to
the publication of [C3] and [J1];
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* Design Procedure for the DM LCL Filter of APFs: Unlike LCL filter design
methodologies in the literature, the design approach proposed in Chapter 7 of this
thesis accounts for both the APF operating conditions and the characteristics of the
compensated non-linear load, ensuring filter non-interference with the low-frequency
harmonic compensation performed by the APF control, limited filter losses and
compliance with harmonic distortion standards at the PCC, while minimizing filter
size, weight and cost. The work carried out in this research area has resulted in
contributions published in [J1].

In conclusion, this PhD thesis advances the state of the art in VSM and APF tech-
nologies, providing theoretical contributions and experimentally validated solutions that
foster the proliferation of grid-tied power converters, thus paving the way toward a more

converter-dominated and stable power system.

8.2 Future Works

The main avenues for future research emerging from this thesis are as follows:

(1) Control of DC-DC Converters in Ultra-Fast DC Chargers for Grid Support

In the discussion on VSMs (Chapters 2, 3, and 4) the DC source to which the VSM-driven
inverter is connected was considered ideal and DC power supplies were used during the
experimental tests. By idealizing the DC-stage, the analysis could focus exclusively on
the inverter control. However, in applications such as ultra-fast DC chargers, the EV
batteries are connected to the AFE DC-side through an isolated DC-DC converter, whose
control strategy can significantly affect the dynamics of providing grid ancillary services.
Consequently, future research could focus on the development of coordinated control
solutions of the entire ultra-fast DC charging system, comprising both the AFE and the

isolated DC-DC converter, to guarantee proper and timely provision of grid support.

(2) Integration of VSM Algorithms into APFs

In this thesis, VSM algorithms and APF applications have been addressed as distinct topics.

Nevertheless, APFs are fundamentally grid-tied inverters and, as such, can be configured
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to emulate the behavior of SGs through the implementation of a VSM control algorithm
within their control unit. Since APFs are not supplied by an independent DC energy source,
VSM-embedded APFs can provide, in addition to the harmonic compensation, the grid
ancillary services related to reactive power injection, such as voltage regulation and fault
current injection during grid faults. Moreover, the energy stored in the DC-link capacitors
can be partially employed to assist the grid with inertial support by varying the DC voltage
level. The topic of APFs integrated with VSM algorithms is scarcely addressed in the

literature. Consequently, this represents a promising area for future research.



Appendix A

Power Devices Losses in APFs

This section describes the calculation of both conduction and switching losses in the power
devices of a two-level three-phase APF.

A.1 Conduction Losses

The mean conduction losses of a generic power switch (e.g., IGBT, MOSFET, etc.) over

one switching period can be expressed as follows [133]:

Pc= (Ran : icell,x + Vth) : icell,x -d (Al)

where i..;; » denotes the current flowing through the positive (x = pos) or negative (x = neg)

unidirectional switching cell containing the power switch (see Fig. A.1) and d represents

the duty cycle.
The current i, is assumed to remain constant over a switching period, whereas the
duty cycle d is defined as:
v i+ vl 1
d= —" 4~ (A.2)
Vie 2

where v* denotes the leg reference voltage, while the zero-sequence voltage v, depends
on the implemented PWM strategy.
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Fig. A.1 The inverter leg of a two-level three-phase APF (a) is a bidirectional switching cell, which
can be subdivided into two unidirectional cells. Each cell consists of a power switch (e.g., IGBT
or MOSFET) with the related freewheeling diode. The unidirectional cells conduct respectively
POSItiVE iceir, pos (b) and negative iceyy neg (€) currents. Instantaneously, the APF output current is

icell = icell,pos + icell,neg [129]

The average conduction losses over one fundamental period are therefore obtained by

combining (A.1)—(A.2) and carrying out the following integration:

1 2r
PC:—/ pe(0)dd =A+B+C
2 0

A=—
2 0 Vdc Vdc

B=—

1 2 Ron : icell,x(e)2 ' V*(G) " Vth : icell,x(e) V*(e) do

1 2 Ron : icell,x(9)2 : v:m(g) " Vth : icell,x(e) : vjm(e) d

271' 0 Vdc Vdc

(A.3)

(A4)

0 (A.5)
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L[ Ronsleenx () Vin-icene(6) (A.6)

C=—
27 Jo 2 2

Term A in (A.4) depends on the relationship between i, and v*. It represents the
component associated with the provision of active power (P,,r) by the APF. Since an
APF primarily injects reactive (Q,, ¢) and distortion (D, ) powers to compensate for the
non-linear load current, while drawing only a small amount of P, to cover its internal

losses, term A can be considered negligible.

*

Term B in (A.5) is associated with the interaction between i, and v,,,. As demon-
strated in [133] for the case where the output current contains only the fundamental
component, the zero-sequence voltage does not affect the conduction losses. This conclu-
sion remains valid even when multiple harmonic components are present. Therefore, the

value of B is zero.

As aresult, (A.3) depends solely on term C in (A.6), which can be expressed in detail
as follows:

R 1 [ Vie 1 [
C= 20n E ) lcell,x(e)2 do + % ﬂ/o lcell,x(g) do
R Vin
PC =C= % ' cz‘ell,x,rms + % 'Icell,x,m (A7)

A.2 Switching Losses

Assuming a linear relationship between the switching energy loss and the switched current
[133], the mean switching losses of a generic power switch over one switching period can

be expressed as follows:

_ Esy
Psw

= Vdc,n ] In : f:vw : Vdc : icell,x,sw (A8)

where i;.j1.x.sw denotes the unidirectional cell switched current.
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The current i..j; ¢ sw 1S zero when the inverter leg is clamped to either the positive or
negative DC rail. Otherwise, it is equal to i..;;x [132]:

, 0, d=0vd=1
leell x,sw = ' (A9)
leell x O0<d<1

For a CPWM, the switching current i, x s 1s identical to i..j; . at all times. Conse-
quently, the mean switching losses over one fundamental period for a standard CPWM can

be expressed as:

2r
Pgw.cpwm = g‘/ Psw.cpwm(6)d6
0

E 2w
PsW,CPWM Vd I fvw Ve - _/ lcellx(e) do
c,n
E,,
Psw,CPWM = Vd I fsw Vdc Icell,x,m (AIO)
c,n

By definition, the switching loss factor quantifies the ratio between the switching losses
associated with a specific PWM technique, such as APF-GDPWM, and those of a standard
CPWM (6.4). Accordingly, a generalized expression for the switching losses under any
modulation technique can be obtained by combining (6.4) with (A.10):

Eg,
Vdcn I

Psw f:vw Vdc k Icell,x,m (A-ll)

The computation of P, and Py, has been performed for the power switch (i.e., IGBT
or MOSFET). However, an equivalent analysis for the freewheeling diode would yield the

same expressions as in (A.7) and (A.11).
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AFE
APF
CM
CO;,
CPWM
CSp
CUT
DM
DPWM
EV
FFT
GDPWM
HDF
HPF
MPPT

NPC

Active Front-End

Active Power Filter

Common-Mode

Carbon Dioxide

Continuous Pulse-Width Modulation

Concentrated Solar Power

Converter Under Test
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Fast Fourier Transform
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PCC Point of Common Coupling

PI Proportional-Integral Regulator

PLL Phase Locked-Loop

P-SSI Proportional-Sinusoidal Signal Integrator Regulator
PV Photovoltaic

PWM Pulse-Width Modulator

RES Renewable Energy Source

RLS Recursive Least Squares

ROCOF  Rate of Change of Frequency
SCR Short-Circuit Ratio
SG Synchronous Generator

SVPWM  Space Vector Pulse-Width Modulation

SSI Sinusoidal Signal Integrator

THD Total Harmonic Distortion

THD; Current Total Harmonic Distortion
TSO Transmission System Operator
VSC Virtual Synchronous Compensator
VSG Virtual Synchronous Generator

VSM Virtual Synchronous Machine
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by Active Droop Coefficient
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Cyp Base Capacitance

Caic DC-Link Capacitance

Cy Filter Capacitance
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Dy APF Distortion Power

eg Equivalent Thevenin Grid Voltage
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Grid Impedance Estimator Cut-Off Frequency
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Switching Frequency

Harmonic Order
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HDF Under Equal Efficiency

APF Current Reference
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APF Rated current
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lf’h

Inverter Unidirectional Switching Cell Current
Inverter Bidirectional Switching Cell Current
Hysteresis Selector CM Computation Current
Inverter DC-Side Current

Current in Inverter-Side Inductor

Current Ripple in Inverter-Side Inductor
Current in Grid-Side Inductor

Current Ripple in Grid-Side Inductor

Grid Current

Inverter Output Current

Inverter Output Current Peak

Inverter Current Reference

CUT Input Current

Inverter Injected Current

Inverter Injected Current Reference

Load Current

Nominal Current

CUT Output Current

Current in Capacitor Branch

Current Regulator Reference

Virtual Current

Phase x APF Current Reference

Phase y APF Current Reference
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ki
ke

k12

kest

Imaginary Unit

Sampling Period

First-Harmonic P-SSI Integral Gain
Sixth-Harmonic SSI Integral Gain
Twelfth-Harmonic SSI Integral Gain
Eighteenth-Harmonic SSI Integral Gain
Twenty-Fourth-Harmonic SSI Integral Gain
Filter Capacitance Attenuation Factor
Integral Estimator Gain

APF Form Factor

Inverter-Side Inductance Attenuation Factor
Grid-Side Inductance Attenuation Factor
First-Harmonic P-SSI Proportional Gain
Damping Resistor Losses Attenuation Factor
Switching Loss Factor

Base Inductance

Equivalent DM Filter Inductance
Inverter-Side Inductance

Grid-Side Inductance

Grid Inductance

Raw Grid Inductance

Estimated Raw Grid Inductance

Equivalent Series Grid Inductance
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Lg oy Estimated Grid Inductance

L ¢ eq th Theoretical Estimated Grid Inductance

L, Resonant Load Inductance

Liest Series External Inductance

Lo Total Line Inductance

L, Virtual Inductance

m Phase Instantaneous Modulation Index

M Modulation Index

me Zero-Sequence Instantaneous Modulation Index

Mpax Maximum Modulation Index in Linearity Range

P* Active Power Reference

Papy APF Active Power

De Power Device Conduction Losses Over a Swtiching Period
P, Power Device Conduction Losses Over a Fundamental Period
Pcur CUT Output Power

Py Damping Resistor Losses

P Frequency Droop Active Power Reference

P; Inverter Output Active Power

P, Load Rated Power

Piogs Total Converter Losses

Pger Active Power Setpoint

Dsw Power Device Switching Losses Over a Swtiching Period

Py, Power Device Switching Losses Over a Fundamental Period
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Qapf
qdb

Q.

qdec
Qi
qL,
Lgex:
4R,
9Rgex:
Qset
Qv
N

qvsm

~ X
o oS

=

gth

Virtual Active Power

Virtual Active Power Reference

Inverter Switches Commands

Reactive Power Reference

APF Reactive Power

Grid Disconnection Command

Reactive Power Generated by Filter Capacitor
Voltage Droop Reactive Power Reference
P-Q Decoupling External Command

Inverter Output Reactive Power

Grid Inductance Estimation Command

Grid Inductance Estimation External Command
Grid Resistance Estimation Command

Grid Resistance Estimation External Command
Reactive Power Setpoint

Virtual Rective Power

Virtual Rective Power Reference

VSM Enabling Signal

Damping Resistance

Grid Resistance

Estimated Grid Resistance

Theoretical Estimated Grid Resistance

Raw Grid Resistance
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Estimated Raw Grid Resistance
Power Device On-State Resistance
Resonant Load Resistance

Series External Resistance

Total Line Resistance

Virtual Resistance

Laplace Operator

APF Rated Power

Base Power

Inverter Output Apparent Power
Nominal Power

Time

Sampling Period

Power Device Junction Temperature
Inverter Voltage Reference

Base Voltage

Grid Voltage Across Filter Capacitor Branch
Estimated Grid Voltage

Grid Voltage Reference

Grid Voltage Amplitude

Grid Voltage Amplitude Reference
Inverter CM Output Voltage

Zero-Sequence Voltage
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Ve
Vdc,n
Vee

Vh

Vpcee
Vpee, filt

Vin

Lin

0

5

A

Al fauir
Aiypy

Aly d.err

APinert[al

DC-Link Voltage

Nominal DC-Link Voltage

Power Device Gate-Emitter Voltage
Inverter Output Ripple Voltage

PCC Voltage

Filtered PCC Voltage

Power Device Threshold Voltage
Phase x APF Voltage Reference
Phase y APF Voltage Reference

Ratio of Grid Reactance to Resistance
DM Filter Inverter-Side Admittance
DM Filter Grid-Side Admittance
Base Impedance

Phase Shift between Virtual Current and Electromotive Force
Error Evalation Variable

Error Evalation Threshold

Load Angle

Estimated Load Angle

Small Signal Variation

Injected Fault Current

Hysteresis Selector Current Threshold
Virtual Reactive Current Error

Inertial Active Power
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List of Acronyms & Symbols

AQy err
AVyip

AZ,,
AZ,
Adp
AdR,
Ady
Awyz
€L,

ERg

Test

Test,real

w

Virtual Reactive Power Error

Voltage Dip Amplitude

Grid Parameter Estimation Error due to Grid Voltage Deviation
Grid Parameter Estimation Error due to Grid Frequency Deviation
Additive Excitation Flux for Grid Inductance Estimation
Additive Excitation Flux for Grid Resistance Estimation
Additive Excitation Flux for Grid Impedance Estimation
Additive Virtual Rotor Freugency for Grid Impedance Estimation
Relative Grid Inductance Estimation Error

Relative Grid Resistance Estimation Error

Damping Factor

Grid & Virtual Rotor Position

APF Base Flux

Excitation Flux

Excitation Flux Integral Term

Excitation Flux Feedforward Term

APF Flux Ripple

APF Flux Ripple Under Equal Efficiency

Excitation Time Constant

Estimation Time Constant

Real Estimation Time Constant

Grid & Virtual Rotor Frequency

Grid & Virtual Rotor Frequency Reference
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wo

wp

Wdec

wy

Grid & Virtual Rotor Frequency Integral Term

DM LCL Filter Resonance Frequency

Grid Base Frequency

Grid & Virtual Rotor Frequency Feedforward Term
DM LCL Filter Anti-Resonance Frequency

Grid Frequency

Switching Frequency
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