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Abstract

The increasing integration of renewable energy sources into modern power systems, driven
by environmental concerns and the global pursuit of sustainable energy, has significantly
transformed the power generation landscape. In this context, inverter-based resources have
become essential for interfacing renewable energy sources with the grid. These inverter-based
resources are typically controlled using either grid-following or grid-forming strategies. While
grid-following inverters rely on phase-locked loops and require an external voltage source for
synchronization, grid-forming inverters can independently establish voltage and frequency

references, making them suitable for both grid-connected and islanded microgrid operations.

Among various grid-forming strategies, virtual synchronous machines stand out for their
ability to emulate the inertial and damping behavior of traditional synchronous generators. This
enables more robust system dynamics in grids with high renewable energy sources penetration and
low inertia. Virtual synchronous machines-based inverters offer the capability to support voltage

and frequency regulation while operating autonomously or in coordination with the main grid.

This thesis proposes the design and refinement of the inner control loops of a virtual
synchronous machine-based inverter, aiming to enhance power system stability and dynamic
response. Specifically, a current controller is developed to provide high bandwidth, attenuate LCL
filter resonance, and improve disturbance rejection. A voltage controller with disturbance input
decoupling is also introduced to improve the virtual synchronous machine dynamic response. With
the designed inner control loops, the virtual synchronous machine exhibits enhanced dynamic
performance when connected to the grid across a wide range of short circuit ratios, as well as
during load variations in islanded mode. The virtual synchronous machine also exhibits improved
performance when operating in a microgrid, both in coordination with a grid-following inverter

and when running in parallel with another virtual synchronous machine.

In general, this thesis aims to improve the inner control loops of a virtual synchronous
machine, enabling it to serve as an effective power control strategy in electrical systems that are

increasingly dominated by inverter-based resources.

Keywords: Renewable Energy Sources, Grid-Forming Inverters, Virtual Synchronous

Machine, Microgrid, Inner Control Loops.



Resumo

A crescente integracdo de fontes renovaveis de energia aos sistemas elétricos modernos,
impulsionada por preocupacdes ambientais e pela busca global por solucdes sustentaveis, tem
transformado significativamente o panorama da geracdo de energia. Nesse cenario, 0S recursos
baseados em inversores tornaram-se essenciais para a conexdo dessas fontes a rede elétrica. Tais
recursos geralmente sdo controlados por estratégias do tipo seguidores de rede ou formadores de
rede. Enquanto os inversores seguidores de rede dependem de malha de deteccdo de fase e
requerem uma fonte externa de tensdo para sincronizacao, os inversores formadores de rede sao
capazes de estabelecer de forma autbnoma referéncias de tenséo e frequéncia, sendo, portanto,

adequados para operacdo tanto conectada a rede quanto isolada.

Dentre as estratégias de formadores de rede, destacam-se as maquinas sincronas virtuais por
sua capacidade de emular o comportamento inercial e de amortecimento dos geradores sincronos
convencionais. Essa caracteristica permite uma resposta dinamica mais robusta em sistemas com
alta penetracdo de fontes renovaveis e baixa inércia. Inversores baseados em maquinas sincronas
virtuais sdo capazes de sustentar a regulacao de tensédo e frequéncia, tanto em operacdo autbnoma

guanto em coordenagdo com a rede principal.

Esta tese propde o projeto e o aprimoramento das malhas internas de controle de um inversor
baseado em maquina sincrona virtual, com o objetivo de melhorar a estabilidade do sistema
elétrico e a resposta dinamica. Especificamente, é desenvolvido um controlador de corrente com
alta largura de faixa, capaz de atenuar a ressonancia do filtro LCL e melhorar a rejeicdo a
perturbacdes. Também € proposto um controlador de tensdo com desacoplamento da entrada de
perturbacdo, visando aprimorar a resposta dindmica da maquina sincrona virtual. Com as malhas
de controle internas projetadas, a maquina sincrona virtual apresenta desempenho dinamico
aprimorado quando conectada a rede, mesmo em uma ampla faixa de razbes de curto-circuito,
assim como durante variacdes de carga em modo isolado. A maquina sincrona virtual também
demonstra melhor desempenho quando operando em uma microrrede, tanto em coordenacdo com

um inversor seguidor de rede quanto em paralelo com outra maquina sincrona virtual.

De modo geral, esta tese busca aprimorar as malhas internas de uma méaquina sincrona
virtual, permitindo que ela atue como uma estratégia eficaz de controle de poténcia em sistemas

elétricos cada vez mais dominados por recursos baseados em inversores.



Palavras-chave: Fontes Renovaveis de Energia, Inversores Formadores de Rede, Maquina
Sincrona Virtual, Microrrede, Malhas Internas de Controle.
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CHAPTER |

1 Introduction

This chapter begins by providing a general context of the problem to be addressed, as well
as the motivations behind its development. It outlines the objectives, contributions, methodology,
and structure of the thesis, followed by a list of publications.

1.1 Contextualization

The share of renewable energy sources (RESsS) in power generation, compared to
conventional sources (e.g., coal, gas, and oil), has increased significantly in recent years, as
evidenced by strict environmental regulations, limited access to fossil fuels, and the need to meet
the growing global energy demand [1]. By 2021, the global installed capacity of RES had increased
to around 3146 GW, with solar photovoltaic and wind energy for the first time in history
accounting for more than 10 % of the world’s electricity supply [2]. It is also noteworthy that
Brazil ranked as the fifth and third largest producer of solar photovoltaic and wind energy,

respectively, in 2021 [2].

The RES, in turn, are incorporated into the electrical grid in the form of distributed
generation (DG), and their application can improve the reliability and stability of the local
electrical grid. Additionally, it can provide benefits to suppliers by reducing losses in the system
along long transmission lines and decreasing the total investment required for the creation of a

new transmission line due to the growing energy consumption. [3].

The rise of microgrids has facilitated the widespread adoption of DGs by enabling more
efficient control of multiple DGs as a unified system. Microgrids can both connect to and
disconnect from the grid, operating in grid-connected or isolated modes [4]. In grid-connected
mode, they support the main grid and meet part of the load demand, while in isolated mode, their

focus shifts from economic benefits to ensuring a stable electricity supply for customers [5].

In the grid-connected operating mode, the voltage and frequency control of the microgrid's
electrical system is managed by the existing conventional electrical grid, which is usually

considered an infinite power source relative to the microgrid. In the isolated operating mode, the
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microgrid needs to generate and control its own voltage and, if operating in alternating current
(AC), it also needs to control the frequency [6]. When operating isolated and in AC, the microgrid
must maintain voltage and frequency values regulated according to the standards established for
the conventional power distribution grid [7]. Electrical parameters (frequency, voltage, etc.) must
also be kept within the limits specified by the local utility during the transition state between both
operating modes, i.e., from the connected mode to the isolated mode and vice versa [8].

Due to the growing development of RESs, the electrical grid—which was traditionally
dominated by rotating generators (e.g., synchronous generators)—is currently tending toward a
scenario with an increasing presence of inverter-based resources (IBRs) [9]. Generation from
RESs generally requires IBRs in order to align the generated energy with standardized grid
requirements and to form the grid in isolated systems. Although in Brazil most electricity
generation is still carried out by large generators, the increasing integration of RESs—which
typically provide little to no mechanical inertial response—may compromise the stability of the
electrical system [10], [11], [12].

The RESs, unlike traditional power generation, are highly susceptible to environmental
variables, making their output inherently intermittent. For example, solar power is significantly
affected by cloud cover, while wind power fluctuates with wind speed and direction. These
variations can lead to rapid and significant changes in power generation over short periods of time,
even within the same day. Such irregularities not only disrupt the balance between supply and
demand but can also exacerbate challenges like grid congestion, as the fluctuating energy supply
may not align with demand patterns. In addition to frequency and voltage instability, rapid
fluctuations may cause problems in grid synchronization, and trigger cascading failures across

interconnected systems [13].

When there is an imbalance between generation and consumption in an energy system, IBRs
cannot respond instantly to rebalance the system. In conventional systems, the Kinetic energy
stored in the rotors of electromechanical generators is responsible for neutralizing this imbalance
through inertial response until primary frequency control is activated. In such systems, the inertial
response can support frequency and voltage regulation of the grid for up to approximately ten
seconds during disturbances that cause an imbalance between demand and generation [14]. As
there is an increasing penetration of RES, the system's inertial response and damping

characteristics are declining [9].
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The reduction in inertia causes an increase in the rate of change of frequency (RoCoF), which
is a measure of how quickly the frequency changes after an unexpected imbalance between
generation and demand, and to a low frequency nadir (minimum frequency point) in a short period
of time [9]. These events are detrimental to the stable operation of an electrical system, as they can

trigger frequency protection relays and, in more extreme cases, may lead to a blackout.

As an example of a real case of instability in the power grid, the blackout that occurred in
South Australia in 2016 can be cited. It was caused by the loss of the Heywood interconnector (a
275 kV AC interconnector between the states of South Australia and Victoria). This incident
occurred due to the system’s low inertia, with significant penetration of RESs [15]. Another
example is the blackout that took place on August 9, 2019, in the United Kingdom, caused by the
disconnection of DG units due to a lightning strike on a transmission line (Eaton Socon —
Wymondley Main). Due to the system’s low inertia, the frequency reached values outside the
specified range, which triggered the activation of low-frequency demand disconnection relays
[16].

1.2 Motivation

Depending on the control technique used to control the IBRs, they can be generally divided
into grid-following (GFL) inverters and grid-forming (GFM) inverters. GFL inverters are
controlled as current sources in parallel with high impedance, Z, as shown in Figure 1-1 (a),
whereas GFM inverters are controlled as voltage sources in series with low impedance, as shown
in Figure 1-1 (b). P* and Q™ are the active and reactive power references, C, is the power controller
and i* is the current reference. w* and E* are the frequency and voltage amplitude reference, C,, is

the voltage controller and v* is the AC voltage reference.
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Figure 1-1 — Simplified representation of the IBR control technique. (a) grid-following, (b) grid-

forming.
AC microgrid AC microgrid
bus bus
w * z
QL4 v
=
—>

Source: Adapted from [17].

A GFL inverter operates by synchronizing its output to the grid’s voltage and frequency.
This synchronization is achieved through measurements at the point of common coupling (PCC)
using a phase-locked loop (PLL). However, the PLL can adversely affect system stability,
particularly in weak grid conditions [18], [19]. GFL inverters are generally configured to operate
at rated output power and inject it into an energized grid. They rely on cascaded control loops,
where power control loops regulate the active P and reactive Q power to generate current
references for the inner current control loop. This inner loop, typically implemented using a
proportional-integral (PI) controller in the dg frame or a proportional-resonant (PR) controller in
the o frame, tracks these current references. In addition to the disadvantages associated with the
use of the PLL, the GFL inverter also lacks the capability to operate in island mode, perform black-

start, and generate a regulated output voltage [20].

The GFM inverters, on the other hand, have the capability to operate both in islanded mode
and connected to the grid, and do not rely on a PLL to maintain synchronization with the grid.
Instead, most reported GFM inverters use the power synchronization mechanism of synchronous
machines to stay synchronized with the grid [21]. They can maintain a regulated output voltage
and can perform black-start. A GFM inverter can be defined according to the North American
Electric Reliability Corporation (NERC) as “an internal voltage phasor that is constant or nearly
constant in the sub-transient to transient time frame” [20]. Although the term GFM has been widely
used in recent years, its concept, which is based on regulating voltage and frequency, was proposed
many years ago [22].

Among the GFM strategies, those that stand out the most are: the Virtual Synchronous
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Machine (VSM) [23], [24], [25], [26], that emulates the behavior of a synchronous machine,
adding inertia and damping of a traditional synchronous machine to IBRs; droop control [27], [17],
[28], that adjusts P/Q power output based on local frequency/voltage deviations (P-f and Q-V
droops), enabling decentralized load-sharing among distributed resources without communication;
Power Synchronization Control (PSC) [29], [30], [31], that enables IBRs to synchronize their
output power with the grid by adjusting voltage, frequency, and phase; Virtual Oscillator Control
(VOC) [32], [33], [34], that leverages nonlinear oscillator dynamics to self-synchronize IBRs with
the grid autonomously, enabling decentralized operation without PLL; Synchronverter [35], [36],
[37], [38], that replicates exactly the mathematical model of a synchronous machine
(electromechanical equations, flux dynamics, and excitation control) in IBRs and Synchronous
Power Controller (SPC) [39], [40], [41], that combines droop characteristics with virtual inertia

and damping, blending static power-frequency regulation.

Whereas GFL inverters face more challenges when operating in weak grids, GFM inverters
are more susceptible to instability when operating in strong grids. Many studies have been
conducted with the goal of enhancing the dynamic response of GFM inverters, especially with
regard to reducing power oscillations. However, in most of the studies conducted (to be explored
in the next chapter), the investigation focused almost entirely on the power control loops, without
a deep analysis of the inner loops to improve the dynamic response and stability of the GFM

inverter.

In this thesis, the specific type of GFM inverter chosen was the VSM. This choice is due to
the well-established applicability of synchronous machines in conventional power generation
systems, as well as the possibility of emulating virtual inertia, damping, and other ancillary

services.

1.3 Objective

1.3.1 Main Objective

The main objective of this work is to develop a control strategy for power converters using
virtual synchronous machines, with a focus on the design of inner control loops, to enhance the

dynamic response and stability of the converter.
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1.3.2 Specific Objectives

e Survey and analyze the state of the art regarding control techniques that emulate
VSM;

e Design and implement the inner control loops of the VSM;
e Design and implement the power control loops of the VSM;

e Analyze the operation of the VSM in a microgrid.

1.4 Main Contributions

e Development of a current controller with the capabilities of high bandwidth—
achieved for converters in the range of a few tens of kilowatts—, mitigation of the
resonance frequency effect of the LCL filter, and improved response to disturbances

that may occur in the power grid.

e Development of a voltage controller with disturbance input decoupling, which
enhances the dynamic response of the VSM's electrical parameters when connected
to the grid and subjected to transients, such as power reference variations.
Specifically, it improves the control of active power, reactive power, and current.
Additionally, the voltage dynamics of the VSM are enhanced during operation in

isolated mode and undergoing load variations.

1.5 Research Methodology
The methodology of this work was divided into four main stages:
I — Theoretical Foundation

In this stage, documentary research was conducted to gain knowledge and mastery of the
topic being addressed, namely, VSMs. Thus, the goal was to understand what has already been
produced on the subject, what is currently being studied and published, and potential problems
that remain unsolved and are feasible for resolution. In addition to the study of VSMs, a deeper
theoretical understanding was also developed regarding the issue of resonance in LCL-type filters

and active damping techniques for IBRs.
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Il — Control Strategy Proposal

In the second stage, the internal loops of the VSM were designed and implemented. This

phase was carried out using the MATLAB/Simulink software, which was chosen for its high

fidelity in simulating physical systems in a virtual environment.

111 — Validation of the Control Strategy in an Experimental Environment

After the validation of the VSM operating in a simulation environment, it was tested and

validated in a testbench. Several scenarios were created and analyzed to ensure the effectiveness

of the proposed strategy.

IV — Operation of the VSM in a Microgrid

After completing the previous steps, the proposed power control strategy based on the VSM

was evaluated in a simulated microgrid using MATLAB/Simulink software.

1.6 Thesis Structure

This thesis is organized into six chapters, with the content of each outlined below:

Chapter | presents the general context and motivation for the development of this
thesis. It begins by discussing the increasing integration of RESs into modern power
systems and the resulting shift toward IBRs, particularly in microgrids. The chapter
highlights the main challenges posed by IBRs, such as reduced inertia and damping,
which impact grid stability and dynamic performance.

Chapter 11 presents a literature review of strategies that emulate VSM. The
advantages and disadvantages of each approach are discussed. The state of the art in

power control strategies is also presented to identify existing research gaps.

Chapter I11 presents the control strategy for the VSM on the inverter side. It includes

the modelling of the converter’s inner control loops, as well as the outer loop.

Chapter IV presents the control strategy for the VSM on the DC side. It includes the

modelling of the battery current control and the DC-link voltage control.

Chapter V presents the performance of the VSM operating in a microgrid with other
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sources and loads.

e Chapter VI presents the main conclusions of the thesis and potential future works.
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CHAPTER I

2 Literature Review

This chapter presents the main techniques that emulate VSMs and their respective
classifications, based on the similarities they share. The three models presented are the VSM based
on the synchronous machine model, the VSM based on the swing equation, and the VSM based
on the frequency-power response model. The VSM based on the swing equation was selected due
to its simplicity and was used to implement the proposed VSM in this thesis, which will be
described in more detail in the next chapter. Then, the state of the art on power control strategies
using GFM inverters is presented, along with research opportunities derived from the presented

advancements.
2.1 Types of VSM

2.1.1 VSM based on the synchronous machine model

The VSMs based on this model are characterized by emulating the electrical and
mechanical characteristics of the synchronous machine with high fidelity. Essentially, the
techniques in this group reproduce the electrical and mechanical equations of the synchronous
machine. The main algorithms found in the literature are: VISMA, Institute of Electrical Power
Engineering (IEPE) Topology, Synchronverter, and Kawasaki Heavy Industries (KHI) Topology.

2.1.11 VISMA

VISMA was the first algorithm proposed in the literature with the goal of making an IBR
operate as a VSM. It was proposed by Hans-Peter Beck and Ralf Hesse in 2007 and implements a
5th-order model of the synchronous machine [42].

The input and output of this algorithm are the three-phase voltages measured v =
[Va Vb VT at the PCC between the VISMA and the grid, and the reference three-phase
currents T = [iz, i i:]7, respectively. A hysteresis-type current controller is used to achieve
the desired operation of the VISMA. Unlike the conventional synchronous generator, the VISMA
allows for the bidirectional flow of active and reactive power [43]. The equations governing the

electromechanical model of VISMA are given by (2.1) - (2.3).
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B =BT Ly 2.1)

ldw dw
Tyn—T,= Tar + de(S)E (2.2)
=fwdt 2.3)

Where é = [ea €, ec]T is the vector that represents the electromotive force (EMF)
induced in the stator windings (in abc coordinates) and L is the stator self-inductance. The
notations Ty, Te, J, K4, f(s), w and 6 represent the mechanical torque, electromagnetic torque,
moment of inertia, mechanical damping factor, phase compensation term (which ensures that the
virtual damping force neutralizes any oscillatory rotor movement in the opposite phase), angular
velocity in mechanical radians per second, and the rotational angle, respectively. The induced EMF
is given by amplitude E, and as a function of 6, as presented in (2.4). From (2.1) — (2.4), it is

possible to obtain the block diagram of the VISMA control, which is shown in Figure 2-1.

sin(6)
é=E, Li“ (6- 2?”)} (2.4)
|lsin (9 + Z?T[)Jl
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Figure 2-1 — Block diagram of the VISMA control.
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Source: Adapted from [44].

From Figure 2-1, it can be observed that there is no reactive power control, meaning that
reactive power cannot be injected into the grid. Since VISMA operates as a current source, there
is the disadvantage of operating only in grid-connected mode, thus not allowing isolated operation.
To address this issue, the authors in [45] proposed the addition of capacitors in the inverter filter
to form an LC filter, with the aim of feeding back the voltages on the capacitor to the VISMA
model. In addition, frequency and voltage regulation loops are added to allow stable long-term

operation. Table 2-1 presents the advantages and disadvantages of this control strategy.

Table 2-1 — Advantages and disadvantages of VISMA.

Advantages Disadvantages

Overcurrent protection Requires high computational effort

Complex model and requires the
synchronous machine's constructive
parameters

Reproduces the characteristics of a synchronous
machine with a high level of detail

PLL is not required for synchronization

Source: Author.

39



2.1.1.2 |EPE topology

The IEPE topology is equivalent to a VISMA operating as a voltage source. The equations
presented for the operation of the VISMA are the same for this strategy; however, unlike the
former, it is not the voltages at the PCC that are measured, but rather the currents. Therefore, (2.1)
can be rewritten as (2.5), where ¥ is now the reference voltage vector for the Pulse Width
Modulation (PWM) blockand7 = [i, i, i.]" isthe vector of the measured currents at the PCC.

ﬁzé—?rs—LS% (2.5)

The IEPE topology has the capability to operate independently without the need for the
addition of capacitors to the output filter as is done in the VISMA. However, frequency and voltage
control loops must still be used to ensure stable operation of the converter. In Figure 2-2, the
control block diagram of the IEPE topology is presented, and it can be observed that the derivative
of the measured currents is taken, which may lead to amplification of the noise signals present in

the measurement.

Figure 2-2 — Control Block Diagram of the IEPE Topology.
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Source: Adapted from [45].

Table 2-2 presents the advantages and disadvantages of this control strategy.
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Table 2-2 — Advantages and disadvantages of the IEPE Topology.

Advantages Disadvantages

Allows operation in isolated mode without

changes in the hardware Requires high computational effort

Complex model and requires the
synchronous machine's constructive
parameters

Reproduces the characteristics of a synchronous
machine with a high level of detail

PLL is not required for synchronization No overcurrent protection

May amplify noise due to the use of a
differentiator

Source: Author.

2.1.1.3 Synchronverter

Zhong and Weiss proposed a control strategy based on VSM known as Synchronverter in
2011 [36]. The same authors had already proposed this same control strategy in 2009, however,
under the name Static Synchronous Generator (SSG) [46].

Like the previously presented strategies, the Synchronverter also features a detailed model
of a synchronous generator and is considered equivalent to a synchronous generator with a small
capacitor bank. It operates as a voltage source and has frequency and voltage droop control loops,
allowing for parallel operation with multiple converters and control of both active and reactive

power.

The Synchronverter is modelled as a synchronous generator with a cylindrical-type rotor,
without damper windings, a pole number of two, and neglecting the effects of eddy currents and
magnetic saturation in the core. These considerations are meant to simplify the emulation of the

control strategy.

The mutual inductances between the field winding and each of the stator windings (M,
Mys, M) are given by (2.6) - (2.8), where M is the maximum mutual inductance between the

stator windings and the field winding.
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Mgys = Mg cos(0) (2.6)
be = Mf COS(Q - 1200) (27)
M.s = Mg cos(6 — 240°) (2.8)

The flux linkage in each phase can be described in vector form. Defining the current vector
U=[iq iy i.]7 and the flux linkage vector ® = [®, @, ®.]7, and considering that i, +
i, +i. =0, the stator flux linkages equation can be rewritten as (2.9). Here, Ly =L+ M
represents the total self-inductance of the stator winding, where L is the self-inductance of the
armature winding, M is the mutual inductance between each armature winding and iy is the field

current.

cos(0)
® = LT+ Mgif [cos(8 — 120°) (2.9)
cos(0 — 240°)
From (2.9), the terminal voltage ¥ = [Va Vb  Vc]” can be obtained as (2.10), where é =
[ea e» ec]T isthe induced EMF vector and is given by (2.11).

) . do Lodi
b=-—rl-—r=—ni—Li+ & (2.10)
sin(8) di cos(8)
é = Myi; —[sin(6 — 120°) | - My —L|cos(6 — 120°) (2.11)
sin(@ — 240°) cos(8 — 240°)

It is assumed that the field winding is supplied by a direct current (DC) source; therefore,
the second term of (2.11) is zero, and (2.11) can be rewritten as (2.12) [36].

sin(8)

e = Mfle Sil’l(e - 1200) (212)
sin(8 — 240°)

The equation governing the mechanical behavior of the Synchronverter is given by (2.13),
with T, obtained from (2.14) and B representing the viscous damping coefficient. The reactive

power Q. of the Synchronverter is given by (2.15).
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J 27 =Tn—Te— B (2.13)
sin(6) r iq)
T, = Myi; |sin(6 — 120°)] - [ib (2.14)
sin(6 — 240°) ]
do cos(0) r iy
Qe = ——Myiz [cos(0 — 120°) | - ib] (2.15)
cos(@ —240°)| Li.

In Figure 2-3, the electronic part of a Synchronverter is shown without the controls, which

will be presented later.

Figure 2-3 — Electronic part of a Synchronverter without the controls.

Eqg. (2.12)

Eq. (2.14)
Q| Eq. (2.15) e

A A

My if .

Source: Adapted from [36].

In Figure 2-4, the control block diagram of the Synchronverter is shown with the addition
of the control loops for active and reactive powers, which are governed by the droop equations
shown in (2.16) e (2.17).

Ty = (0" — w)Ky (2.16)
Qa = (vr —vp)K, (2.17)

Where T, is the torque produced by the droop equation, w* is the angular frequency
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reference, Qg is the reactive power provided by the droop equation, v, is the voltage reference, v,,

is the amplitude of v measured at the PCC, and K|, is the voltage droop coefficient.

Figure 2-4 — Control block diagram of the Synchronverter.

P*l1 1 w 0
—— — > — >
w* Js S
Eq. (2.12)
0 Eq. (2.14) o WM
“— Eq.(2.19) ™| generator [
A h
My i i
vy
K é Amplitude || v
i v | detector
m

Source: Adapted from [46].

The angle 8 must be limited to 27 through a reset to avoid numerical overflow. The voltage
v, Ccan be obtained from (2.18), and the voltage is applied to the PWM block to generate the gate

trigger signals for the semiconductor switches of the converter.

2
Um = _\/_(vavb + vpve + VeVg) (2.18)

V3

The Synchronverter operates as a voltage source and, therefore, can function in isolated

mode. When operating in grid-connected mode, a PLL is used to synchronize with the grid;
however, several improvements have been made to the operation of the Synchronverter, one of
which is the methodology proposed in [47] that allows for synchronization of the Synchronverter
with the grid without using a PLL. The fundamental principle is to make the phase difference
between the Synchronverter and the grid voltage at the PCC null, while ensuring that the
magnitudes of the voltages of both are equal. Initially, P* and Q* are adjusted to zero, and PI
controllers are used to eliminate this phase difference. This methodology solves the problem of
resetting the integrator during grid reconnection. Additionally, a virtual impedance is used to
equalize the magnitudes of the voltages [43].
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In [48], the authors propose an improvement to the Synchronverter by adding a fast current
loop, and the results show that there was a reduction in the sensitivity of the Synchronverter to
measurement errors, processing delays, and grid voltage imbalance. In [49], the authors
demonstrated that using the damping factor as a droop coefficient is not the most suitable solution,
since the converter's response cannot be adjusted without altering the characteristics of the steady-
state droop curve. Therefore, they proposed adding a derivative term to the active power control
loop, which allows the Synchronverter to be freely modified without interfering with the droop

curve.
In Table 2-3, the main advantages and disadvantages of the Synchronverter are presented.

Table 2-3 — Advantages and disadvantages of Synchronverter.

Advantages Disadvantages

Allows operation in isolated mode without

changes to the hardware Requires high computational effort

Numerical instabilities may occur due to the
complex mathematical model of the
algorithm

Reproduces the characteristics of a synchronous
machine with a high level of detail

PLL is not necessary for synchronization NOCEBITET S (el €

(depending on the model used) the model used)

Highly widespread in the literature with several
improvements in the control algorithm

Source: Author.

2.1.1.4 KHI topology

Researchers from KHI proposed in [50] an algebraic model of the VSM, which consists of
the phasor representation of the synchronous generator, while the dynamic equations of the
generator are neglected. This topology assumes that the rotor is of the cylindrical type and that the
impedance of the VSM is low over a wide range of frequencies [43]. The block diagram of the
control structure is shown in Figure 2-5, and the dynamics of the governor and the Automatic
Voltage Regulator (AVR) are given by (2.19) and (2.20).
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Figure 2-5 — Control block diagram of the KHI topology.

*

;)*—' Eq.
—>]
P, — (2.19)
] dg/abc PWM |l
8*_’ Eq >
., 77 220
v — vg —>
Source: Adapted from [43].
=w" +K,q(P"—P 2.1
Wy w + gd( )(1 +Tgs> ( 9)
i . 1 K;
E, =|v" —v, + Kuq(Q _Q)(1+Ts)](Kp+?) (2.20)
a

Where Ty is the governor time constant, K, is the droop coefficient of the active power
control loop, v, is the grid voltage, K, is the droop coefficient of the reactive power control loop,

T, is the AVR time constant, K, is the proportional gain and K; is the integral gain.

The governor is responsible for generating the phase reference, and the AVR for the voltage
amplitude, both of which are used to generate the current references (i; e i;) from the phasor

representation.
In Table 2-4, the main advantages and disadvantages of the KHI topology are presented.

Table 2-4 — Advantages and disadvantages of KHI Topology.

Advantages Disadvantages

Requires switching control from grid-

Simple implementation connected mode to isolated mode

Overcurrent protection PLL required

Source: Author.
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2.1.2 VSM based on the swing equation

The techniques that emulate VSM within this group are characterized by solving the swing
equation and its variants, which is generally presented in (2.21). They differ fundamentally from
the machine-based model by not adopting a very detailed model of the machine. The main control

techniques that use this model are the ISE Laboratory topology and the SPC.

dw
]wd—t =P, — P, — DAw (2.21)

Where B, is the mechanical power, P, is the electromagnetic power, D = Bw is the power

damping coefficient, and Aw is the rotor frequency deviation.

2.1.2.1 ISE Laboratory topology

This topology was developed by the research group of the ISE laboratory at Osaka
University [51]. The block diagram of this control strategy is shown in Figure 2-6. The "frequency
detector” block for estimating w, is a conventional PLL. The "power measurement” block is
responsible for calculating P, and Q. from the voltage measurements on the filter capacitor (V)
and the output current (I,,). The "Q Droop" block performs the conventional Q-v droop control
and is responsible for generating Q,..r, which is controlled by a Pl controller. The “"Governor"
block (implements the conventional P-w droop control) has the function of generating B,,, which
is part of the balance equation, and is responsible for calculating w and generating 8 through an
integrator. These, along with the magnitude of the VSM voltage, E, are the input parameters for

the PWM block to generate the trigger signals.

This topology functions as a voltage source converter and, therefore, allows for isolated
operation. Several improvements have been made to its control structure over the years, with the
following being noteworthy: in [52], the authors propose the addition of a virtual inductance to
improve active power sharing and dampen the oscillation it causes. Moreover, reactive power
sharing is improved based on an inverse droop control v-Q and the estimation of a common AC
bus voltage. In [53], the authors use a particle swarm optimization algorithm to adjust the system
parameters to minimize the phase angle deviation and allow for smooth transitions after

disturbances for the parallel operation of VSMs.
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Figure 2-6 — Control block diagram of the ISE laboratory topology.
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Source: Adapted from [52].

presented.

In Table 2-5, the main advantages and disadvantages of the ISE laboratory topology are

Table 2-5 — Advantages and disadvantages of the ISE laboratory topology.

Advantages

Disadvantages

Simple replication of synchronous generator

. No overcurrent protection
dynamics

PLL required for initial synchronization

Possible system oscillation if parameters are

incorrectly tuned

Allows operation in isolated mode

Source: Author.
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2.1.2.2 Synchronous Power Controller

The SPC is another control algorithm that solves the synchronous generator swing equation
and was proposed by Rodriguez et al. in [54]. Its structure is similar to that presented in the ISE
laboratory topology; however, it differs by having a current control loop and a virtual admittance
block that defines the current reference to be injected into the grid. The SPC control block diagram

can be seen in Figure 2-7.

The SPC uses a power-based synchronization method, which ensures power balance in the
converter and inherently synchronizes the system with the grid. Since the Power Loop Controller
(PLC) regulates synchronization with the electrical grid, there is no need for any additional

synchronization mechanism, such as a PLL [55].

The PLC block solves the swing equation in the form presented in (2.22), where H is the

inertia constant, Sy is the nominal power of the generator and w; is the nominal angular speed.

1
w=w +(2HSN/wS)s+D(P - P) (2.22)

Figure 2-7 — SPC control block diagram.

P 2
J:_[ . |i|—@1
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= Processing
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Ting E controller “—Q
Admittance |€qp cosf |6 ] 1 w —P,
block sinf [ |3 PLC [ p
1 *H e PR A0
R, L,

Source: Adapted from [56].

The droop Q-v control loop generates the reactive power reference, Q,.., which is an input
parameter for the reactive power controller and that provides the amplitude value, E, through a Pl

controller. With E and 6, resulting from the integration of w generated by the PLC, the internal
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EMF in the a8 coordinate axis, e,g, interacts with the grid through the virtual admittance. A PR

current controller is used to control the current, i,g, to be injected into the grid.

Some modifications have been proposed in the literature regarding the function that
implements the PLC. In [57], the authors propose a Pl controller as the transfer function for
Gprc(s) (function that implements the swing equation and is contained in the PLC block), such
that tracking of active and reactive powers is achieved with zero error despite variations in the grid
frequency. In [58], the authors compare three structures for Gp.-(s), where a Pl controller was
used to eliminate the inherent droop response of the initial P-w PLC structure, and a lead-lag
transfer function was used to configure three parameters: inertia, damping coefficient, and droop

gain in steady state, which can be adjusted independently [55].
In Table 2-6, the main advantages and disadvantages of the SPC are presented.

Table 2-6 — Advantages and disadvantages of the SPC.

Advantages Disadvantages

Simple replication of synchronous generator ~ The initial approach of the PLC results in an
dynamics inherent frequency droop

No PLL required Multiple control loops for tuning

Allows operation in isolated mode

Overcurrent protection

Source: Author.

2.1.3 VSM based on the frequency-power response model

Control strategies that emulate VSM and fit this type of model are characterized by
reproducing the inertial response of synchronous generators based on frequency changes.
Therefore, they can simulate the ability to store or release kinetic energy just like a synchronous
generator. VSMs that follow this model operate connected to the power grid, thus requiring the
use of a PLL to obtain the grid phase angle. The control strategies that use this model include the
Virtual Synchronous Generator (VSG) and the Virtual Synchronous Control (VSYNC) topology.
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2.1.3.1 Virtual Synchronous Generator

A VSG consists of an energy storage element, a converter, and a control strategy that makes
the DC source be seen by the grid as a synchronous generator from the perspective of inertia and

damping properties [59].

In Figure 2-8, the control block diagram of the VSG is shown, and in (2.23) the active
power output of the VSG, Py, is presented, where dAw/dt is the rate of change of angular
velocity, K4, and K; are the constants that emulates the damping and inertial characteristics,

respectively.

Figure 2-8 — Control block diagram of the VSG.

i PCC
Pysq = Ig I3
»| Current

(2.23) controller |1 PWM J

(2.24) ’_'
A A

I} =0
dAw Aw q
dt PLL i
Source: Adapted from [9].
dA
Pysc = Kaphw + K, (—dt‘”> 2.23)

After calculating Py, the current references are calculated, and the injected current vector
T is controlled in the synchronous dq reference frame. Equation (2.24) shows the calculation of the
current reference I;, where v, and v, are the voltages at the PCC in dq coordinates. Since only

the active power is regulated, the g-axis current reference I, and Q are both zero.

2 (v4Pysg
[ == 2.24
a3 (vé + v2 (2.24)

In Table 2-7, the main advantages and disadvantages of the VSG are presented.
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Table 2-7 — Advantages and disadvantages of the VSG.

Advantages Disadvantages

Susceptible to noise due to the use of
frequency derivative

Simple implementation
Low computational effort Islanded operation not supported
Overcurrent protection PLL required

Reactive power control not supported

Source: Author.

2.1.3.2 Virtual Synchronous Control Topology

This topology was developed by the VSYNC research group [60], and they proposed an
approach to emulate the behavior of a synchronous generator in converters by adding an energy
storage element. This strategy performs synchronous generator emulation based on a PLL. The

control block diagram of this topology is shown in Figure 2-9.

Figure 2-9 — Control block diagram of the VSYNC topology.

Iq

Py
I3 =7

%p* (2.26) &—LP 14 o
. g/abc —{ PWM f-

Aw — Kgp (2.27) I =,

K; .

L lq

T

dAw

dt

Source: Adapted from [43].

This topology does not implement reactive power control, and the system dynamics are
described by (2.25)-(2.27).

dA‘”) (2.25)

P* = PO +deAa)+Ki (7
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N 2 UdP*
=73 (2.26)

vg + v

1*—2 VgP” 2.27
a3 v:+ v} (2.27)

The variable P, is directly related to the energy storage element and is defined as (2.28),

where Kgo must be chosen such that the converter's nominal output power equals P* when the

State of Charge (SOC) deviation Ag, of the energy storage element reaches its maximum level.

Py = Ksoc(Asoc) (2-28)

In [61], the authors implemented an Energy Management System (EMS) to enable multiple

converters to support the grid proportionally, without supervisory control or communication.

In Table 2-8, the main advantages and disadvantages of the VSYNC topology are

presented.
Table 2-8 — Advantages and disadvantages of the VSYNC topology.
Advantages Disadvantages
. : : Susceptible to noise due to the use of
Simple implementation .
frequency derivative
Low computational effort Islanded operation not supported

Overcurrent protection PLL required

Reactive power control not supported

Source: Author.

Table 2-9 presents a summary of the techniques discussed, highlighting their main

advantages and disadvantages, as well as their applicability as either GFM or GFL converters.
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Table 2-9 — Summary of VSM emulation techniques.

Technique Advantages Disadvantages Applicability
VISMA  « Overcurrent protection. * High computational effort. GFM
* High-fidelity emulation of » Complex model and requires
synchronous-machine the synchronous machine's
behavior. constructive parameters.
* No PLL required.
IEPE * Enables islanded operation * High computational effort. GFM
Topology  without hardware modification. « Complex model.
« Accurate synchronous- « Lacks overcurrent protection.
machine emulation. * Noise amplification due to
* No PLL required. current differentiation.
Synchronv  « Capable of islanded * High computational demand. GFM
erter operation. * Possible numerical instability.
« Faithful emulation of « Lacks overcurrent protection
synchronous generator in some implementations.
dynamics.
* Operates without PLL.
» Well established in the
literature.
KHI + Simple implementation. * PLL required. GFM
Topology « Overcurrent protection. * Needs switching between
grid-connected and islanded
modes.
ISE « Simplified replication of  No overcurrent protection. GFM
Laboratory synchronous generator * Possible oscillations if
Topology  dynamics. parameters are not properly

54



SPC

VSG

VSYNC
Topology

* Supports islanded operation.

* Simple structure and
implementation.

* No PLL required.

* Provides overcurrent

protection.

* Supports islanded operation.

+ Simple implementation.
 Low computational effort.

« Overcurrent protection.

* Simple implementation.

« Overcurrent protection.

tuned.

* Inherent frequency droop in
its original form.
* Requires accurate tuning of

multiple loops.

« Sensitive to measurement
noise.

* Limited reactive-power
control.

* Requires PLL.

« Cannot operate in islanded

mode.

« Sensitive to measurement
noise.

* Limited reactive-power
control.

* Requires PLL.

« Cannot operate in islanded

mode.

GFM

GFL

GFL

Control strategies for power control in AC systems have been extensively studied over past
years. The concept of GFM inverter is not new, since the authors in [22] have already proposed a
strategy to control inverters operating in parallel in standalone AC supply systems, specifically in

Uninterruptible Power Supply (UPS) systems.

More recently, new strategies have emerged, with droop control standing out as one of the

2.2 State of the Art
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most widely used. This strategy adjusts P/Q power output based on local frequency/voltage
deviations (P-f and Q-V droops), enabling decentralized load-sharing among distributed resources
without communication. In this context, a wireless controller is proposed in [62] with three nested
loops to achieve stable output impedance and proper power balance in parallel-connected UPS
inverters. The controller ensures good-quality output voltage waveforms, effective harmonic
power sharing, and minimal frequency and amplitude deviations during load transients. However,
this strategy only considers the operation of two inverters in parallel without connection to the
power grid. In [63], the method relies on feeder current sensing and virtual impedance for islanded
microgrids, where current measurements are used to estimate the feeder impedance of distributed
generation units. However, since real microgrids exhibit feeder impedances that can vary over time
due to configuration changes, this strategy depends on accurately measuring a parameter that is
inherently time-varying. Furthermore, this strategy does not consider operation under grid-

connected conditions.

The previously mentioned papers utilize virtual impedance, which aims to shape the output
impedance of the converter and provides several advantages [64], such as power flow control [65],
grid fault/disturbance ride-through [66], harmonic/unbalance compensation [67], and enhanced
stability and robustness of the converters in response to varying grid and load conditions [68]. In
fact, virtual impedance has been widely used over the years in conjunction with other control
strategies for power control of GFM inverters, due to the advantages previously mentioned.
However, droop control is not exclusive to this, and more recent techniques, particularly virtual
synchronous machines, which is the focus of this thesis, are also seeing widespread adoption. This
adoption is mainly driven by characteristics of damping and inertia, similar to those exhibited by
synchronous machines. The following presents various control strategies proposed in recent years

for GFM inverters, including those based on VSMs.

In [69], an active-damping control method based on self- and mutual-damping controllers
to attenuate both self- and mutually induced low-frequency power oscillations was proposed. This
method improved the damping ratio and inertial response of multiple grid-tied VSMs, thereby
supporting grid frequency stability. In [70], it was proposed a virtual inductance control strategy
based on energy conservation principles to mitigate the unstable oscillation of frequency and
powers, which differs from conventional virtual inductance strategies in that it does not dependent

on a dual-loop control architecture. In [71], it was implemented virtual reactance instead of using
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virtual resistance to dampen the low-frequency resonance of the GFM inverter. It is revealed that
the passivity index can be enhanced by increasing the coupling inductance, and adding virtual
reactance is an effective way to achieve this. The work presented in [72] adopted a different
approach based on artificial intelligence to predict oscillation modes and enhance the damping of
electromechanical inter-area oscillations, thereby improving system stability and ensuring robust
performance under grid variations. Basically, the strategy presented in [73] aims to predict and
adaptively tune a dedicated loop of the SPC to damp oscillations and enhance system stability. In
[74], it was proposed a control strategy using virtual damping for enhancing the system damping
and virtual reactance to suppress oscillations without altering the synchronverters’ fundamental
characteristics. In [75], it was proposed a strategy based on virtual damper winding applied to
GFM inverter to decrease the low-frequency oscillations, utilizing existing state variables without
requiring a PLL. In [76], it was proposed a generic voltage control scheme for GFM inverters that
enhances voltage tracking and power regulation in both grid-tied and stand-alone modes,
addressing conflicts in power loop dynamics and improving overall system stability and
performance. In the papers mentioned before, the investigation was carried out almost entirely on
the power control loops, without a deep analysis of the inner loops to improve the dynamic

response of the GFM inverter.

In addition to control strategies that use internal current and voltage control loops, there
are also strategies known as open-loop control [31], [32], [36]. These strategies, although simpler
to implement since there is no need to tune the internal loops, have the disadvantage of being more
prone to overload ride-through problems and can even become unstable when connected to strong
grids [31], [77].

The inner control loops and the power control loops interact with each other, which might
lead to unsatisfactory power control dynamics. The interaction between these loops can cause two
types of oscillation: synchronous and subsynchronous. Synchronous oscillations are oscillations
at fundamental frequency, and subsynchronous oscillations are oscillations below the fundamental
frequency [71], [78]. This PhD thesis proposes a VSM with internal current and voltage control
loops. However, it is known from [79] that subsynchronous oscillations can arise in strong grids
due to interactions between the internal voltage control loop and the external P and Q control

loops.

Therefore, based on what has been presented, there is a gap in the literature regarding the
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improvement of the dynamic response of VSMs, focusing on enhancing their inner loops (voltage
and current) to improve the dynamic response of the VSM and enable it to provide ancillary
services to the grid. Additionally, it is necessary to improve the performance of the VSM both
when connected to the grid and operating autonomously. It is also important to analyze the
operation of the VSM in a microgrid, considering not only the VSM functioning with the grid but
also its interaction with other elements that constitute it, such as other converters.

2.3 Chapter Summary

This chapter initially provided a literature review on VSMs. Based on the common
characteristics they share, these systems were classified in groups, where the particularities of each

were presented, along with their advantages and disadvantages.

The chapter reviewed the state of the art in control strategies for GFM inverters. It
emphasized the importance of improving the performance of the inner loops—such as the voltage
and current controllers—to enhance the overall dynamic response of VSMs and improve their

ability to provide ancillary services to the grid.

Moreover, it is crucial to enhance VSM performance, not only when they are connected to
the grid but also during isolated operation. Additionally, the chapter emphasized the need to
examine how the VSM operates within a microgrid, considering not just its interaction with the

grid but also its connection with other components that make up the system.
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CHAPTER III

3 Virtual Synchronous Machine Control — Inverter Side

This chapter presents the control strategy for the VSM on the inverter side. It includes the
modelling of the converter’s inner control loops, as well as the outer loop. The following chapter

introduces the control strategy for the DC bus.

3.1 Introduction

Power electronic converters are pivotal in interfacing RESs with the electrical grid,
enabling efficient power transfer while adhering to grid codes [80]. However, they face significant
challenges in real-world scenarios, particularly due to voltage harmonics at the PCC and variations

in grid impedance, which can degrade performance and stability [81].

In grid-connected converters, LCL filters are favored over L filters due to their enhanced
harmonic attenuation and reduced inductance size requirements [82]. Nevertheless, the LCL filter
introduces an inherent resonance peak at its resonance frequency f,., accompanied by a sharp phase
drop of -180° [83]. This resonance can lead to oscillations in the injected current and, in more
extreme cases, to instability.

3.2 LCL Filter Modelling

Figure 3-1 shows the single-phase equivalent circuit of a three-phase LCL filter, which
serves as the interface between the converter and the power grid. The variables presented are as
follows: v;,,,,, the modulated output voltage of the converter; L, and L,, the inductances on the
converter side and the grid side, respectively; R; and R,, the equivalent series resistances (ESR)
of L, and L,, respectively; C, the filter capacitance; R, the ESR of C; v,, the grid voltage; v,, the
voltage across the capacitor; iy, the current through Ly; i, the current injected into the grid and i,

the current through the capacitor.
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Figure 3-1- Single-phase equivalent circuit of the LCL filter.

Source: Author.
By applying Kirchhoff's Voltage Law to the left side of the circuit shown in Figure 3-1,
(3.1) is obtained:
Uinv(s) = Rlil(s) + Llsil(s) + Ux(s) (31)

Where v, (s) is given by (3.2).

0e(5) = (Re +~0ic(s) 32)

By applying Kirchhoff's Current Law, (3.3) is obtained, and by applying Kirchhoff's
Voltage Law to the right side of Figure 3-1, (3.4) is obtained.

HOEIAGEING (3.3)

ig() = T [0e(8) = %, (9)] (3.4)

25+R2

From the previously derived equations, the block diagram representing the LCL filter

model can be obtained, as shown in Figure 3-2.

Figure 3-2 — Block diagram of the LCL filter model.

£ . (5) o)
Vi (S) 1 [als) k@1 v(s)| T | i,
Lis+ Ry Cs R R L,s + R,

Source: Author.
After several mathematical manipulations of Equations (3.1)-(3.4), the transfer functions
relating i; (s)/viny (s) and iy (s)/viny(s) can be obtained, given by (3.5) and (3.6), respectively.
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i;(s) B CL,s*+C(R, +R,)s+1

Viny()y oo SP(LaLaC) + s2CIL1(Re + R) + Ly(Re + )] + (3.5)
+s[Ly + Ly + C(R:Ry + RcRy + RyRy)] + (Ry + Ry)

ig(s) B CR.;s+1

Uinv(s)vg=0 — $3(L4LpC) + s2C[Ly(Re + Ry) + Ly (R + R + (3.6)
+s[Ly + L, + C(R.Ry + R.R, + R{R,)] + (R, + R,)

3.3 LCL Filter Resonance and Damping Techniques

3.3.1 Resonance Effect

Figure 3-3 shows the frequency response of the transfer function i; (s)/vin,(s), for the
parameters shown in Table 3-1. The per-unit system uses the base values S = 11 kVVA as the
three-phase apparent power base, Vg , = 220 V as the base phase voltage (line-to-neutral), and
fg = 60 Hz as the base frequency. The ESR values of the components were neglected, as the

worst-case damping scenario is considered.

Figure 3-3 shows a high magnitude peak at f;., with its value in Hz given by (3.7), as well
as a sharp phase shift that causes a pair of right-half-plane poles in the closed-loop when the phase
angle reaches -180° [84]. Resonance is an undesired effect, as it indicates low filter impedance at
fr: therefore, the converter must not excite the resonance, since this can even lead to instability of

the entire system. To ensure stability, the magnitude peak at f,- should be damped below 1 (S).

1 L+ L
~2m.| LL,C

fr 3.7)

Table 3-1 — LCL filter parameters.

Parameter Value (real) Value (pu)
Ly 1mH 0.028
L, 300 uH 0.008
c 15 uF 0.074

Source: Author.
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Figure 3-3 — Frequency response of the LCL filter (iy (s) /viny (5)).
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Source: Author.

3.3.2 Resonance Damping Techniques

There are basically two ways to dampen the resonance produced by the LCL filter: passive
damping and active damping. The first strategy involves the insertion of a resistor into the filter,
which can be done in several ways (a resistor in series or in parallel with L,, C ou L,), but one of
the most used methods is the addition of a resistor in series with the capacitor. The second strategy
is based on control algorithms, which can be implemented in two ways: 1 — by inserting a transfer
function in cascade with the closed-loop plant transfer function, or 2 — by feeding back plant states

into the closed-loop control diagram. These two forms of active damping will be detailed later.

3.3.2.1 Passive Damping
As previously mentioned, this strategy can be based on the addition of a damping resistor,

Ry, in series with C. According to [85], the value of R; can be calculated using (3.8).

oo 1
7 6nf,.C

(3.8)

Figure 3-4 presents the frequency response of a generic LCL filter, i;(s)/viny(s), for

different values of R, to observe its influence.

It can be observed from Figure 3-4 that R; was varied between 0 Q e 5 (Q, and that its
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increase leads to a reduction in the resonance peak. The value of 5 Q corresponds to 37.8 % of the
base impedance, or 0.378 pu. In other words, it positively affects the influence of resonance.
However, it can also be seen that in the high-frequency region, the filter's admittance increases as
R, increases, which means a reduction in the attenuation of high-frequency harmonic components.
Another drawback of using passive damping is the increase in circuit losses, since the resistor

dissipates power.

Figure 3-4 — Effect of increasing R, on the frequency response of an LCL Filter.
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3.3.2.2 Active Damping

3.3.2.2.1 Cascaded Transfer Function

One of the active damping solutions is the insertion of a transfer function in cascade with
the transfer function of the LCL filter, with the aim of cancelling out the effects of the plant’s

resonant poles. This function is known in the literature as a Notch filter and is defined in (3.9)

[86]:

(3.9)

$% 4+ 2D,wnps + whs "
§2 + 2DpowpyS + whg

Nyp(s) = <

Where w,, is the Notch frequency, D, and D,,, are the damping factors for the complex

conjugate zeros and poles, respectively, and n is the number of sections.
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In digital implementations, D, = 0 to force the complete cancellation of the low-damped
resonant poles of the filter. Figure 3-5 shows the block diagram for i, control using the Notch filter
as active damping. The function G;(s) represents a current controller, which will be discussed in
more detail throughout this work, and w,.. represents the resonance frequency of the LCL filter

in rad/s.

Figure 3-5 — Block diagram of i, control using the Notch filter.
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Figure 3-6 shows the frequency response of the plant transfer function i, (s)/v;n, (s) and
the transfer function of the Notch filter with the plant i  (s) /vy, (s). It can be observed that with

the use of the filter, the resonance effect was mitigated, and the issue of reduced high-frequency

attenuation—present in passive damping—did not occur.

Figure 3-6 — Frequency response of the system with and without the Notch filter.
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It is worth noting that w,..; must be accurately known for the Notch filter to function
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properly. However, due to parameter variations in the filter components or changes in the grid
impedance, the exact cancellation of the resonant poles may not occur, which can result in an

ineffective strategy in practice. To address this issue, w5 should be detected online so that w,f

can be accordingly selected. Reference [87] presents a methodology for detecting w,..

3.3.2.2.2 State Feedback of the Plant

Active damping solutions based on plant state feedback are primarily built upon the use of

one of the following signals: feedback of i, v, or iy. In [83], it is shown that a resistor in parallel

with C appears to be the most effective form of passive damping. Based on this premise,
expressions for active damping solutions are derived so that they are equivalent to virtually placing

a resistor in parallel with C.

It is demonstrated that feedback of i., v, or i, provides damping to the system when each
of these states is used as the input to a feedback function G,,(s). For i.(s), v.(s) and i,z (s),

G.q(s) can be a constant, a differentiator, or a second-order differentiator, respectively [83].

Figure 3-7 shows the generic block diagram for i, control using plant state feedback.

Figure 3-7 — Block diagram of i, control using state feedback as active damping.
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Figure 3-8 shows the frequency response of the system presented in Figure 3-7, comparing
the cases with and without i, feedback as an active damping strategy. With i, feedback, the transfer
function is iy (s) /vy, (s), while without i, feedback, the transfer function is i;(s)/vin,(s). As
was shown for the Notch filter, it can be observed that i, feedback also attenuated the resonance
effect and did not reduce the filter's high-frequency attenuation. For this case, G,4(s) =

ZDPOwnle.
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Figure 3-8 — Frequency response of the system with and without i, feedback.
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3.4 Effect of Computational Delay on Active Damping Through Capacitor
Current Feedback

In the previous section, some active damping techniques for mitigating the effect of
resonance in LCL filters were shown and analyzed. However, computational delay was not
considered and cannot be disregarded in digitally controlled systems. In this section, the influence

of computational delay on capacitor current feedback active damping (CCFAD) is analyzed.

3.4.1 Delay Model

The delay can be modelled as a function of the control processing time and the digital PWM
modulation. Considering symmetric sampling, the delay due to control processing is in general

one sampling period, T, and the delay introduced by the PWM is 0.57y, totaling Tge;q, = 1.575.
With these considerations, the delay function, G;(s), is modelled as (3.10) [88].

Gy(s) = e 15Ts (3.10)

The model presented in (3.10) is unsuitable for analysis using classical control tools, such
as root locus and frequency response, as it is a non-linear function. Therefore, the delay G, (s) was

approximated using the first-order Padé approximation with a zero in the right half-plane [89],
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given by (3.11).

1- STdelay/Z

G =~
a(s) =17 Taetay/2

(3.11)

3.4.2 The Delay and the Capacitor Current Feedback Active Damping

CCFAD is a simple and commonly used approach to mitigate the LCL filter resonance.
However, when CCFAD is implemented in control systems, the inherent delay causes it to behave
as if a virtual impedance Z,, is inserted in parallel with C [83]. Figure 3-9 shows the equivalent

circuit, where R is the equivalent resistor, X, is the equivalent reactance, and v, is the voltage

at the PCC.

Figure 3-9 — Equivalent circuit.
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The expression of Z,, is given by (3.12) [90].

"~ CK,y

Z, e15Tss (3.12)

Being K,, the proportional gain of CCFAD, in other words, G,;(s) = K, for this case.
Making s = jw into (3.12), yields to (3.13).

i X,y (W)R (@ L L
_ J eq( ) eq( ) = 1 COS(l.SwTs) +j -
Req ((1)) + Xeq ((1)) CKad CKad

Z,(jw) sin(1.5wTy) (3.13)

By analyzing (3.13), (3.14) and (3.15) are obtained:
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Ly
CKyq cos(1.5wTy)

Req(w) = (3.14)

Ly
CKgyq sin(1.5wTy)

KXeq(w) = (3.15)

According to these equations, it can be observed that R, is positive in the range (0, f;/6)
and negative in the range (f;/6, f5/2), where f; is the sampling frequency. It is also observed that
Xeq is inductive in the range (0, f;/3) and capacitive in the range (f;/3, f;/2). Figure 3-10 shows
the plot of R., and X,,, and it is possible to observe the behavior described in the previous

statements. The region with negative resistance leads to the insertion of open-loop unstable poles

at the current loop [91].

The work presented in [92] shows that if the f,. of the LCL filter is above f;/6, the use of
active damping techniques is not necessary. However, the value of the line impedance, which is in
series with L,, may change, consequently altering the value of £, and moving it into a prohibited

region.

Figure 3-10 — Plot of R, and X, as a function of frequency.
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3.5 Passivity

This section will introduce the concept of passivity as applied to power converters, which

will be important for the subsequent analysis of the proposed enhanced current control strategy.

Passivity in control systems is an energy-based property, where a system is said to be
passive if it does not generate more energy than it receives [93]; this characteristic makes passivity
the foundation for passivity-based control, which emerges as an alternative to provide sufficient
conditions for the stability of complex systems, regardless of the configuration or the number of

converters connected to the grid.

The passivity theory in the frequency domain states that a linear system G(s) is passive if
the following conditions are satisfied [94]:

1. Re{p;}<0,i=1,..,n
2. Re{G(jw)} = 0,Vw
3. —n/2<46G(jw) < m/2

where p; are the poles of G (s), and w is the frequency.

The block diagram shown in Figure 3-11 (which considered a simplified L filter) will serve
as the basis for the analysis of the passivity concept, and the analysis to be presented follows the
approach used in [95]. It is emphasized that the dynamics of the DC link were neglected. Here,

Gsr(s) is the voltage decoupling function, and Z is the grid impedance.

The block diagram in Figure 3-11 can be represented by the equivalent impedance-
admittance model shown in Figure 3-12, where G, (s) is the internal closed-loop transfer function

that relates i, (s)/1"(s) and Y (s) is the input admittance as “seen” from the PCC.

Applying Kirchhoff’s voltage law to Figure 3-12 yields (3.16):

Ger(s) “(s) — Y(s) (s)
1+ 2Z,)Y() ) 1+ Z,()Y(s) %

iy (s) = (3.16)
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Figure 3-11- Circuit for passivity analysis.
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Figure 3-12 — Equivalent impedance-admittance model.
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The closed-loop stability (Figure 3-12) can be analyzed by applying the Nyquist criterion
to the open-loop transfer function Y (s)Z,(s) in (3.16). Therefore, an expression for Y'(s) must be

obtained, since Z,;(s) is passive as it consists of passive elements.

Equation (3.17) and (3.18) can be derived by analyzing Figure 3-11and Figure 3-12,

respectively.

Gi (S) e —STgelay

Ger(s) =~ Lt G, (s)e"Taeter (3.17)
_ Ger ()" (s) — ig(S)
Y(s) = o) (3.18)
By substituting (3.17) into (3.18), (3.19) is obtained:
Gi(s)eSTaetay[[*(s) — iy (s)] — sLyiy(s)
Y(s) = (3.19)

Vpee(S)(SLy + Gi(s)e™ T detar)

From Figure 3-11, (3.20) can be obtained, and substituting (3.20) into (3.19) yields (3.21):
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Gi(S)[I*(s) — ig(s)|e™*Taetay — sLyiy(s)
1-— fo (S)e_STdelay

Upcc(s) = (3.20)

1-— fo (S)e_STdelay
 sLy + Gi(s)eSTaclay

Y(s) (3.21)

The passivity method will be analyzed considering a proportional controller K and
Grr(s) = 0. Therefore, (3.21) can be rewritten as (3.22):

SN 1
Y(jw) = {K cos(wTgeay) + j|L1w — K sin(wTgeiay )]} (3.22)

By multiplying (3.22) by the complex conjugate in the numerator and denominator, we
obtain (3.23):

K COS(wTdelay) —j[Liw - K Sin(“)Tdelay)]

Y(jw) = 5 (3.23)
{K2c0s?(wTgetay) + [L1w — K sin(@Tyeray)] }
The real part of (3.23) is shown in (3.24):
K T,
RAY (jw)} = cos(etay) (3.24)

[KZ + L2w? — 2L wK sin(wTdelay)]

Applying the passivity condition R.{Y (jw)} = 0, it can be observed that this condition is
satisfied when wTpejq, < g Since Tge1qy = 1.5T, the system is passive for all w < % where wg
is the sampling frequency in rad/s.

Figure 3-13 shows the normalized real part of Y (s) as a function of normalized w. It can
be observed that from approximately w,/6 onward, the function presents negative values up to the

Nyquist frequency. Therefore, the system would be unstable for resonance frequencies in the range

Ws/6 < wres < wWg/2, Where w,.. is the resonance frequency in rad/s.
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Figure 3-13 — R.{Y (jw)} as a function of w.
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It can be observed that the frequency w,/6 appears as a critical frequency for ensuring
stability; therefore, the passivity region must be extended to improve robustness of stability against
variations in grid impedance. One way to increase this region is to consider a proportional

controller K and G¢(s) = sT, where T is an arbitrary constant [95]. Equation (3.21) is then
rewritten as (3.25):

Y(jw)
_ [1 — jwT X cos(a)Tdelay) — wT X sin (a)Tdelay)] X {Kcos(wTdelay) —j[w - Ksin(wTdelay)]} (3.25)
{KZ COSZ(wTdelay) + [(UL1 - KSin(wTdelay)]z}

The real part of (3.25) is given by (3.26):

(K — 0?TLy) X cos(@Tgeqy)

RY(y =
e{ (](1))} [KZ + (1)2[% — ZleK Sin(wTdelay)]

(3.26)

The sign change in (3.26) occurs at w = = T Therefore, the parameter T can be chosen
delay

to shift this sign change, which occurs under the condition given in (3.27):

AKT?
(K—w?T)=0=T = # (3.27)
1
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Figure 3-14 shows the normalized real part of Y (s) as a function of normalized w, with the

gain T adjusted accordingly. It can be observed that with G;,(s) included, the system became

stable for all w < w,/2.

2
Figure 3-14 — R {Y (jw)} as a function of w with T = “;Tf%
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3.6 Current Control Loop Design

This section presents the proposed current control strategy based on CCFAD and Capacitor
Voltage Decoupling (CVD). The use of CCFAD aims to mitigate the effect of f,., while the use of

CVD is intended to enhance the converter's disturbance rejection capability.

3.6.1 System Description

The topology of the bidirectional GFM converter is shown in Figure 3-15. This converter
is composed of two stages: one battery bank with a bidirectional DC-DC converter (this stage will
be explained later), and a three-phase inverter. The inverter is connected to the grid through an
LCL filter, where L, is the converter-side inductance, C is the filter capacitance and, L, is the grid-
side inductance. The resistances R, and R, are the ESRs of L, and L., respectively. Additionally,

L, represents the grid inductance and v, represents the grid voltage.
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Figure 3-15 — Bidirectional GFM converter topology.
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The control strategy used for the inverter is VSM. The outer control loops consist of the
Active Power Controller (APC) and the Reactive Power Controller (RPC). The APC is responsible
for regulating the active power P,, with the active power reference denoted as P*, and generates
the phase reference 6 as its output. The measured active power P, is filtered by a low-pass filter
(LPF) with a cutoff frequency of 100 Hz. The other parameters of this block, J, w,, w and Dy,
represent the moment of inertia, the rated rotor angular frequency, the actual rotor angular
frequency, and the damping coefficient of active power-frequency, respectively. The RPC controls
the reactive power Q,, with the reactive power reference given by Q*, and produces the amplitude
of electromotive force of the VSM, E| at its output. The measured reactive power Q.. is also filtered
by a LPF with a cutoff frequency of 100 Hz. The other parameters in this block, K, Uy, U and Dy,
represent the regulator coefficient of reactive power, the effective value of the rated voltage
amplitude, the effective value of the actual voltage amplitude, and the droop coefficient of reactive
power voltage, respectively. The parameters 6 and E define the reference voltages in the af8
coordinate system, E, and Eg, for the virtual impedance block. This block consists of a virtual
resistance, Ry, and a virtual inductance, L. The output of this block generates the references

(Véa» Veg) for the voltage controller. The capacitor voltage v.qp is controlled through a PR
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controller G, and a function G is employed to improve the dynamics of the converter. The
voltage controller generates the references (igq, iy4) for the current controller. The injected current
Igap 1S controlled through a lead compensator G;, and the functions G,4 and G.,q are used to

mitigate the effect of £, and to enhance the inverter's disturbance rejection capability, respectively.

3.6.2 Current Controller Design

As mentioned earlier, i 4,z is controlled by a lead compensator, whose transfer function is
given by (3.28). R, is the proportional gain, and k; [96] is the lead gain designed to reduce the
effects of computational delay. Figure 3-16 presents the block diagram of the current control loop.
The computational delay is Ty, and it is modeled as z~* in discrete time domain. The PWM delay
is represented by the zero-order hold (ZOH).

Figure 3-16 — Control block diagram of the current loop.
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R
Gi(2) = —=— (3.28)

1+ klZ_l

The LCL filter complete transfer function, relating the current i, to the inverter terminal

voltage v;,,, IS given by (3.6). For easier tuning of R, the filter is approximated as an equivalent
L-filter, with total inductance L; = L, + L, and total ESR Ry = R; + R, [92]. The simplified
transfer function is given by (3.29).

igT(s) B 1
Vinpr(s) Lrs+ Rr

(3.29)

To validate this approximation, Figure 3-17 shows the frequency response of (3.6) (R, is
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neglected) and (3.29). It can be noticed that up to a frequency of approximately 2 kHz, the models

are equivalent. Therefore, the bandwidth of the current controller will be tuned for a bandwidth of

2 kHz.

Figure 3-17 — Open-loop frequency response of the LCL filter and the equivalent L filter.
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The plant parameters in the discrete-time domain, a and b, are given by (3.30) and (3.31),

respectively. The closed-loop transfer function, shown in Figure 3-18, is given by (3.32). Defining

the desired natural frequency w,, and the damping factor ¢ for the closed-loop system, the system’s

dominant poles, p, and p,, are calculated using (3.33), where w; = w,+/1 — {2. From these poles,

the controller gains are calculated using (3.34) and (3.35) [97].

a= e_(lz_;)Ts

b_l—a
_RT

igaﬁ(z) _ Rab
lgap(2) (z+k)(z—a)+Ryb

P12 = e $nTs[cos(wyTs) + j sin(wgTs)]
ky =a—(p1 +p2)

R, = (p1p2 + kla)/b
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Figure 3-18 — Closed-loop block diagram used for controlling iy .

Source: Author.

As mentioned earlier, the current controller bandwidth was set to 2 kHz, with { = 0.9 and

wy, = 21 X 1650 rad/s. The current controller gains are listed in Table 3-2.

Table 3-2 — Current Controller Gains.

Parameter Value
R, 5.6
k, 0.27

Source: Author.

It is well known that achieving high control bandwidth is closely related to the converter
power level and, consequently, its f;,,. For high-power converters, the f;,, is typically lower, and
therefore a chosen bandwidth of, for example, 2 kHz may already correspond to the converter’s

own f;,,,, making such bandwidth unattainable in practice.

Nevertheless, the lead compensation technique presented can still be applied to high-power

converters in order to increase their achievable bandwidth, while respecting the limits imposed by
the £, .

To clarify this effect, Table 3-3 presents the maximum bandwidths for which the closed-
loop system exhibits only real poles, both without and with lead compensation. The results are
shown for two f;,,: 3 kHz and 1 kHz.

The system model is an RL-type plant, with R = 0.01 Q and L = 408 uH. These RL values

were chosen to represent typical filter parameters in higher-power converters.

As can be observed, the maximum bandwidth that yields only real closed-loop poles
without lead compensation decreases as the f;,, decreases (as in high-power systems). However,
the use of lead compensation enables an increase in the achievable bandwidth even under such
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low-switching-frequency conditions.

Table 3-3 — Comparison of Maximum Closed-Loop Bandwidths With and Without Lead

Compensation Under Different Switching Frequencies.

Without lead compensation With lead compensation
fsw =3 kHz 370 Hz 817 Hz
fsw =1kHz 114 Hz 274 Hz

Source: Author.

3.6.3 Capacitor Current Feedback Active Damping Design

To mitigate the LCL resonance, a first-order phase-lead compensator was implemented,

and its transfer function is shown in (3.36), where t; and «; are the compensation parameters.

1+71s

Eme—— 3.36
1+a.7.s ( )

Gaa (s) =

The parameter t;, is tuned according to (3.37), and the primary objective of G,4(s) is to
achieve the maximum phase lead at the filter’s resonance angular frequency w, = 2rf,.. As a
result, the value of w, is selected based on the filter parameters provided in Table 3-1. Figure 3-19
shows the frequency response of G,4(s) for different values of «; is shown. As can be seen, as
the value of «; increases, the phase lead from f,. decreases, while the phase lead increases when
a; is decreased. However, decreasing the value of a; leads to an increase in the gain at high
frequencies, which is detrimental since it may amplify high-frequency noise. Taking this into
account, a; = 0.1 is chosen as a balance between phase lead and limiting the gain at high

frequencies [98], which results in a value of 7, = 1.86 x 107,

1
wA

(3.37)

(53
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Figure 3-19 — Frequency response of G,4(s).
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To derive the transfer function G,4(z), the continuous-time transfer function G,4(s) was
discretized using the Tustin method, which was chosen to provide a more accurate approximation

between the continuous and discrete time domains.

3.6.4 Capacitor Voltage Decoupling Design

Before proceeding with the CVD design, the expression representing the output impedance
of the inverter as seen by the grid, Z,(s), must be derived, since it is from this expression that the
converter’s disturbance rejection can be analyzed. This derivation will be carried out in the
continuous-time domain, as it provides a simpler approach for obtaining an analytical expression

that represents Z, (s). The function Z,(s) can be obtained through simplifications in Figure 3-20.
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Figure 3-20 — Block diagram simplifications to derive Z,(s).
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First, the block diagram shown in Figure 3-20 (a) is altered to obtain the block diagram as

shown in Figure 3-20 (b). To do that, the feedback of v.,z(s) is replaced with i g (s), and its

feedback node is relocated to the output of G;(s). Then, by combining the two feedback functions

of i.5(s) and moving the feedback node of iy, (s) from the output to the output of G;(s),

1
L15+R;
Figure 3-20 (c) is obtained. The function X (s) in Figure 3-20 (d) is derived from the simplification
of the blocks highlighted in Figure 3-20 (c), and is given by (3.38). Figure 3-20 (d) can be redrawn
as Figure 3-20 (e) and simplifying the highlighted area results in Figure 3-20 (f).

The transfer functions G, (s) and G, (s) are given by (3.39) and (3.40), respectively. Thus,
based on (3.39) and (3.40), Z,(s) is expressed by (3.41). The coefficients b, to b, and a¢ to a;
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are shown in Appendix A.

X(s) = Ga(s) (3.38)
5%2L1C + SC[Ry + Gaa(s)Ga(S)] + 1 — Gepa (5)Gg(s) '
G.(s) = Gi(5)G4(s) (3.39)

L1Cs2 + C(Ry 4 Gaq(s)Ga(5))s + 1 — Gpa(s)G4(s)

Go(s) = L1Cs® 4+ C[Ry + Goa(5)Ga(9)]s + 1 = Gepa(s)G4(s)
2(8) = T e ¥ CUL,R, + Ly ()G4(s) + LoRy)s2 + (3.40)
wo[Ly + Ly = LyGypg(s)Ga(s)]s + Ry + Ry — RyGypa (s)Gy(s)

b;s” + bgs® + bss® + bys* + b3s® + bys? + bys + by
aeS® + ass® + ays* + ags® + ays? + ags

Z,(s) = (3.41)

With the expression for Z,(s) of the inverter established, the following subsections
evaluate scenarios without CVD and with CVD under different strategies. Additionally, the
designed controller G;(z) was converted to its continuous-time equivalent G;(s) using the Tustin

method for the analysis presented below.

3.6.4.1 Without Capacitor Current Feedback Active Damping and Capacitor Voltage
Decoupling

In this situation, Z, (s) is analyzed without using CCFAD and CVD. Figure 3-21 (a) shows
the frequency response of Z,(s), where the phase exceeds the 90° and -90° limits starting from a
certain frequency. This indicates that the system may become unstable when the converter operates
connected to the grid, according to passivity theory.

3.6.4.2 With Capacitor Current Feedback Active Damping as a Lead Compensator and

Capacitor Voltage Decoupling as a constant function

A common strategy used in literature is to decouple v, with a constant function. Figure
3-21 (b) shows the frequency response of Z,(s) when G.,4(s) = 0.9 is used. Figure 3-21 (b)
shows that passivity is ensured and disturbance rejection is improved compared to the previous

case, as the magnitude of Z, (s) at low frequencies has increased.

82



3.6.4.3 With Capacitor Current Feedback Active Damping and Capacitor Voltage Decoupling
as a lead compensator

An alternative to improve low-frequency disturbance rejection would be to use a lead

compensation, as shown in (3.42). The coefficients 7, and t,, are designed to compensate for the
delay G4(s) at the grid frequency f;, which is approximately 3.2 degrees for 60 Hz. Thus, the
designed parameters are 7, = 1.8041 x 10~* and 7, = 3.4354 x 10~°. Figure 3-21 (c) shows a

significant increase in disturbance rejection; however, the stability limit was exceeded, as the phase

dropped below -90 degrees over a certain frequency range.

1+71,s
1+ 1,s

Gepa(s) = (3.42)
3.6.4.4 With Capacitor Current Feedback Active Damping and Capacitor Voltage Decoupling

as a lead-lag compensator

One way to solve this problem is to replace the lead compensator with a lead-lag
compensator, which consists of a low-pass Butterworth filter in series with the lead compensation,
as shown in (3.43). The cutoff frequency, w,, of the filter was set to 2w x 1500, chosen as a
balance between stability and improved disturbance rejection capability. This value was
considered to ensure that the system effectively attenuates unwanted disturbances while preserving
overall stability. Figure 3-21 (d) shows the frequency response of Z,(s) using a lead-lag
compensator. The disturbance rejection decreased when compared to the previous case but remains
higher than in the other cases. Additionally, the system is passive across the entire frequency range,

since its phase lies between 90 and -90 degrees.

The lead-lag compensator is discretized utilizing the Tustin method to obtain the discrete-
time implementation for the same reason presented in the CCFAD design
W, 1+1,s

Gepa(s) = s+ w, X 1+1,s (3.43)
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Figure 3-21 — Frequency response of Z, (s) in four cases. (a) without CCFAD and CVD. (b) with
CCFAD as a lead compensator and CVD as a constant function. (c) with CFFAD and CVD as a
lead compensator. (d) with CCFAD as a lead compensator and CVD as a lead-lag compensator.
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3.6.5 Experimental Results

To confirm the validity of the theoretical analysis and the effectiveness of the current
controller, experimental validation was carried out in a lab setup, shown in Figure 3-22. More
details about the lab setup are shown in Appendix B. The parameters used to obtain experimental
results are listed in Table 3-4. The inverter injects current into the grid (a grid emulator, the Chroma
61830, was used to emulate it), and specifically for the current controller assessment, a PR
controller is used. For obtaining these results, a PR controller was chosen because the objective
was to ensure that the current had no steady-state error. Furthermore, the control strategy proposed
here can also be applied to Pl and PR controllers, for example. Finally, it is worth noting that the
results to be presented, which evaluate the converter operating with all its control loops, use the

lead compensator presented in (3.28) as the current loop controller.

Figure 3-22 — Lab setup for obtaining experimental results.

. dSPACE controller
. Inverter
1 3. LCL filter
. Grid inductance
. DC source
. Grid emulator
. Linear loads

Source: Author.
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Table 3-4 — System Parameters.

Parameter Description Value
P, Nominal power 11 kVA
Vac DC-link voltage 650V
Ly Inverter-side inductor 1 mH

(s LCL filter capacitor 15 pF
L, Grid-side inductor 300 uH
R, R, ESR of L; and L, 0.1Q
vy Grid line voltage (RMS) 380V
[y Grid frequency 60 Hz
Ts/fs Sampling period/frequency 100 pus/10 kHz
fsw Switching frequency 10 kHz

Source: Author.

The resonant gain was set to 1000, and a PLL was used to synchronize the inverter to the

grid. Four scenarios were tested, as listed below:

e Dynamic response of the current controller.
e Line impedance variation.
¢ Inverter operation with the presence of voltage harmonics.

¢ Inverter operation under voltage sag.

3.6.5.1 Current controller dynamic response assessment

To assess the dynamic response of the current controller, the response to a 10 A peak step
was compared in two scenarios. The first scenario corresponds to the current controller tuned for
a bandwidth of 2 kHz but without the use of lead compensation. In this case, the gain was R, =
9.17. The second scenario evaluated the proposed strategy, i.e., with lead compensation applied
to the proportional part of the current controller. Figure 3-23 (a) shows the result without the

proposed strategy. The current reference in alpha-axis, i, obtained internally from the DSP, is
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represented by the blue curve; the actual current of the phase ‘b’ by the lilac curve; and the error
in the alpha-axis, e,, also obtained internally from the Digital Signal Processing (DSP), by the
yellow curve. Figure 3-23 (b) shows the result with the proposed strategy, where the current
reference is also represented by the blue curve, the actual current by the lilac curve, and the error

by the yellow curve.

Figure 3-23 — Step response of the current controller. (a) without lead compensation. (b) with
lead compensation. Blue curve — current reference in a-axis (iy), lilac curve — injected current of

phase ‘b’ (i}), yellow curve —error (e,).
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By analyzing the figures, it can be observed that the use of lead compensation improved
the dynamic response of the inverter. When the lead compensation was not used, the current

87



exhibited higher oscillations during the transient period. Additionally, the settling time without
lead compensation was around 25 ms, whereas it decreased to approximately 15 ms when it was

applied.

3.6.5.2 Line impedance variation assessment

This section assesses the performance of the CCFAD control strategy under varying line
impedance conditions. The current reference was also fixed at a peak of 10 A, and two scenarios
were considered to evaluate the system's behavior. In the first scenario, the line inductance was
initially set to 1 mH and then increased to 6 mH, as shown in Figure 3-24 (a). In the second

scenario, the line inductance started at 6 mH and was reduced to 1 mH, depicted in Figure 3-24
(b).
These inductance values were chosen because, depending on the value of Lg, f; changes

and becomes either greater than f;/6 or smaller than f;/6, which is the critical frequency, and,

according to Figure 3-10, defines the stable or unstable operating region of the converter.

From the analysis, it was observed that regardless of the variation in Lg, the inverter

operation remained stable, demonstrating that passivity was ensured through a simple and effective

strategy.
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Figure 3-24 — Injected current of phase ‘b’. (a) L, changes from 1 mH to 6 mH. (b) L, changes

from 6 mH to 1 mH.
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3.6.5.3 Disturbance rejection assessment — grid voltage harmonics

As mentioned earlier, the function of G, is to increase the disturbance rejection capability
of the inverter. Therefore, this section aims to evaluate the disturbance rejection capability of the
inverter in the presence of voltage harmonics in the grid. To achieve this, a grid emulator was used
to simulate the electrical grid, which was distorted with the presence of the 5th and 7th harmonics,

where the magnitude of each harmonic was set to 2 %.
Three strategies were compared in this evaluation:

1) Without the presence of G.,4.
2) G.,q as a constant with a value of 0.9.

3) The proposed approach, where G, is the designed lead-lag compensation.

In Figure 3-25 (a) - (c), the Total Harmonic Distortion (THD) of the injected currents into the
grid are shown under three different strategies. The current reference value was set to 10 A RMS.
Figure 3-25 (a) shows the case without G4, Figure 3-25 (b) shows the case where G4 IS a constant
function with a value of 0.9, and Figure 3-25 (c) shows the case where G.,; is a lead-lag
compensation. For the first case, the THD was 3.22 %, for the second case it was 3.04 %, and for the
third case it was 2.45 %. These THD values can be seen at the top of each image. Therefore, the
proposed strategy demonstrated superior disturbance rejection capability in the presence of harmonics
in the grid, confirming the theoretical development presented in the previous section.
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Figure 3-25 — THD of the injected current in the presence of voltage harmonics. (a) without

Gopq- (D) With G4 as a constant value. (c) with G4 as a lead-lag compensator.
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3.6.5.4 Disturbance rejection assessment — grid voltage sag

In this test, the response of the inverter was evaluated under a grid voltage sag. In this
situation, the inverter was operating normally, injecting a 10 A peak, when suddenly a 10 %
reduction in the nominal line voltage of 380 V was induced (green curve). In Figure 3-26 (a) - (¢),
the injected currents (lilac curves) into the grid are shown under three different strategies. Figure
3-26 (a) shows the case without G4, Figure 3-26 (b) shows the case where G,y is a constant
function with a value of 0.9, and Figure 3-26 (c) shows the case where G.,4 is a lead-lag

compensation.

Examining the figures, the addition of the decoupling function G.,,; improved the system's
dynamic response, with significant reductions in both overshoot and settling time. Without G4,
the overshoot was measured at 850 mA, but with G.,4; as a constant function, this overshoot
decreased to 312.5 mA. Similarly, the settling time was also improved. Without G4, the settling
time was recorded at 107.4 ms. With the decoupling function applied, the settling time was reduced
to 73 ms. However, among the three strategies, the one that achieved the best performance was the
proposed strategy, with the lead-lag compensation. Using this strategy, the overshoot decreased to
127.5 mA, and the settling time was reduced to 56.8 ms, indicating a much faster recovery after

the voltage sag.

This considerable decrease in overshoot suggests that the inverter was better able to
manage the voltage sag and prevent excessive current fluctuations. Additionally, this reduced
settling time implies that the system can respond more quickly to voltage disturbances, enhancing

its overall dynamic performance.
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Figure 3-26 — Injected current of phase ‘b’ during a voltage sag. (a) without G.,4. (b) With G4
as a constant value. (c) with G, as a lead-lag compensator. Green curve — line voltage, lilac
curve — injected current of phase ‘b’.
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3.7 Voltage Control Loop Design

This section presents the modeling of the voltage controller, along with the concept of
Disturbance Input Decoupling (DID), to improve its dynamic performance.

3.7.1 Voltage Controller Design

The voltage controller aims to control the voltage v.,z. A PR controller is used for this
purpose, and its transfer function is given by (3.44). K,,,,, K,, and w,, are the proportional gain,

resonant gain and grid nominal frequency in rad/s, respectively. The control block diagram is
shown in Figure 3-27.

1—2z"1cos(w,Ty)

G =K,, + K, T. 3.44
v(2) pr = TvES 1 — 2z 1 cos(w,Ty) + z~2 (344)
Figure 3-27 — Control block diagram of the voltage loop.
chd(z) — TS
Veap vpccaﬁ
* Z 1 ica[ﬁ’ 1 1 i
Vea _ S N Sl — NS _gaﬁ
£ Gy(2) Gi(2) z7! Z Lis+R; T Cs ' L,s+ R,
5] o
T
T

Source: Author.

The bandwidth of the voltage controller was set to 200 Hz. The gain K,,,, was determined
using the root locus method for the open-loop transfer function, which corresponds to the product
of the transfer function representing the current control loop (approximated by a first-order
equivalent) and the plant transfer function given in equation (3.45). For this, it was assumed that
Gcva Perfectly decouples the feedback of the capacitor voltage, and that G, which will be detailed

in the following subsection, perfectly decouples the feedback of the injected current. The closed-
loop poles for the chosen bandwidth are shown in Figure 3-28 as red "X" markers.

vcaﬁ (S) _ i

icaﬁ(s) ~ Cs (3.45)
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Figure 3-28 — Root locus for the voltage control loop.
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The gain K., was chosen according to the guideline outlined in (3.46) [97]. The gain values

are shown in Table 3-5.

Ky = 2Ky, (3.46)

Table 3-5 — Voltage Controller Gains.

Parameter Value
Kpy 0.02
K,, 40

Source: Author.

3.7.2 Disturbance Input Decoupling

To improve the dynamic performance of the voltage controller, a DID approach is
employed, as described in [99], [100]. Figure 3-29 presents the block diagram illustrating the DID

implementation. Upon examination, it becomes clear that iy, acts as a disturbance to the voltage

control loop.
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The design principle for the transfer function G, (z) is to eliminate the effect of iy, in the

output at the sampling instants. This method is applicable only when the disturbance dynamics are

slower than the sampling period T;. To satisfy this condition, it is assumed that iy, z is modeled
using a ZOH block. The expression for determining the transfer function G((z) is given in (3.47).

Deriving (3.47) requires evaluating the paths (red and blue arrows in Figure 3-29) that include
both the disturbance and the DID transfer function.

—ligap(2)Z [ZOH é] +igap(2)Grr(2)Z [ZOHGCLi(s) %] =0 (3.47)

The function G.;(s) represents the current loop. To simplify the design of the DID
function, it can be approximated by an equivalent first-order system that matches the actual

system's bandwidth, where w; = 2m X 2000 rad/s. As a result, (3.47) can be rewritten as (3.48).

1
Grr(z) = | afS] = K — (3.48)
z|zon £~ z = 0p
s+ w;Cs

Figure 3-29 — Closed-loop diagram to assess the effect of G, (z).

>
. Z - - R
Vcaﬁ (Z) T faﬁ
—>€+X‘_‘>—> Gy (2) »(%—.@-» Gi(2) || f, T % T .
Grr(2) S N
z (SEXLTLR 4 :
ffk T A :
& fgap (5) “] 1
TS ) LZS + Rz

Source: Author.
The parameters §,, &, and Ky are defined in (3.49) - (3.51), respectively. The calculated
values are shown in Table 3-6.
5, = e Tswi (3.49)

_ SZ(TSwi + 1) -1

= 3.50
p Tswi + 52 -1 ( )
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7§‘“i

Kep=—mn—— .
T Ty + 6, — 1 (3.51)

Table 3-6 — DID Control Gains.

Parameter Value
8, 0.2846
8, —0.6609
Kf 2.3217

Source: Author.

To assess the impact of incorporating DID, the loop gain of the voltage control system, as
depicted in Figure 3-27, is analyzed. Figure 3-30 compares the Bode magnitude plot of the loop
gain with and without the proposed DID, with the PR controller tuned for a bandwidth of 200 Hz.
As observed, the use of DID improves the loop gain at low frequencies, leading to better system

performance in the presence of disturbances.

Before presenting the advantages brought by the proposed DID in the following
subsections, the implementation of the virtual impedance and the P, and Q. control loops are first

described.

Figure 3-30 — Bode magnitude plot of the loop gain with and without G¢f(z).
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3.8 Virtual Impedance Loop

The concept of the virtual impedance loop is based on modifying the output impedance

characteristics of the inverter. This modification is accomplished by adjusting the voltage
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reference signals v, and v;‘ﬁ, which are supplied to the inner voltage control loop.

The main goal of virtual impedance is to increase the total output impedance of the inverter
during transients (e.g., voltage sags) or fault conditions, thereby limiting the output current. The
virtual impedance is composed of a fixed value of virtual resistance Ry; and virtual inductance Ly;
(used during the normal operation of the converter), along with an adaptive current-limiting virtual
impedance, AR, and AL, [101]. Using Figure 3-15 as a reference, during normal operation, Ry
takes the value of Ry; and L takes the value of Ly;. In case of transients, R, takes the value of
ARy and Ly, takes the value of ALy,. Figure 3-31 shows how virtual impedance is implemented for
current-limiting, and (3.52) and (3.53) present how to calculate the parameters AR, and ALy, [101],
[102].

Figure 3-31 — Virtual impedance implementation.
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ARV = KVI ( ’l,éd + l;B - Ith) (3.52)

AL, = (6 X ARy)/w, (3.53)

The parameter Ky; is a constant that satisfies (3.54), I;;, is the current-limiting threshold,
and o is a user-defined X/R ratio for the virtual impedance [102]. The maximum expected

magnitude difference between the v;,,, and vy, as well as the maximum allowed phase current

magnitude, are designated as V,,,4, and I, respectively.

V,
Ky o2 + 1Ly — L) = ’I”“" (3.54)

M

According to [30] and [103], it is recommended that the value of Ry,; be around 0.2 pu and

Xy; around 0.3 pu, respectively. The value of Ry,; was chosen to be 2 Q, which is equivalent to
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0.15 pu, and the value of Ly; was chosen to be 7 mH, which corresponds to an X,; of 0.2 pu

3.9 Active and Reactive Power Controllers

As shown in Figure 3-32, the VSM system can be represented by (3.55) [104].

Figure 3-32 — APC and RPC loops.

P. Qe
0 ¥
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Source: Author.
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P* =P, + Dy(w, — w) =J®"E
dE
3 Q*_Qe+Dq(Un_U) :K% (355)
\ 6=f(a)—a)n)dt=Aa)

To tune the parameter J, it is necessary to derive the small-signal model of the APC. To do

so, it is assumed that a state variable, such as P,, is equal to its steady-state value P, plus a small
ac variation, AP, i.e., P, = P, + AP.

Substituting P, = P, + AP in (3.55), yields to (3.56).

d
P* = (B, + BP) + Dy (@, — ) = Jo — (3.56)

Considering the steady-state condition, at the operating point (Pe P, w= wn,d—‘: = 0),
(3.56) can be rewritten as (3.57):

P* =P, + Dy(wy — w,) = 0= P* = P,

(3.57)
The linearized equation is given by (3.58):
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Aw 1
P* =P, — AP — DyAw = JwpAws > — = ——————
A bAw = Jw,Aws AP Jams + D, (3.58)

D, is calculated using (3.59), where a 100 % change in active power corresponds to a 2 %

change in grid frequency at steady-state.

APnaxy 10000

D, = =
P Awpmg, (2m60) X 2 %

= 1327 (3.59)

Based on this, (3.60) is used to calculate J so that the bandwidth of the APC (f3,.,p) is 20

Hz, which is one-tenth of the voltage controller’s bandwidth.

J—_ D 1327

= = = 0.028 3.60
2 fpwpwy 21 X 20 X 377 (3.60)

To tune the parameter K, it is necessary to derive the small-signal model of the RPC. Using
the same methodology for the APC, substitute Q. = Q, + AQ in (3.55), yields to (3.61)

Q" — (@, +40) + D, (U, ~ U) =K (3.61)

Considering the steady-state condition, at the operating point (Qe =Q, U= Un,% = 0),
(3.61) can be rewritten as (3.62):

Q" —Q, + Dq(Un —Up)=0=>0Q"=0Q, (3.62)

Assuming that AU = AE, which is valid if E,, = U,,, the linearized equation is given by
(3.63):

—AQ — D,AU = KAEs
—AQ = AE(D, + Ks)
AE 1
AQ ~  Ks+D,

(3.63)

D, is calculated using (3.64), where a 100 % change in reactive power corresponds to a 10

% change in grid nominal voltage at steady-state.

_ AQmay _ 10000
T AVpax 22072 x 10 %

D 321 (3.64)
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Based on this, (3.65) is used to calculate K so that the bandwidth of the RPC (f,,) is 20
Hz.

D, 321

K = =
2T fpwg  2m X 20

= 2.557 (3.65)

3.10 Voltage Controller Influence on the Power Control Loops

This section aims to analyses the influence of the voltage control loop on the power control
loops. This is necessary to demonstrate, in the next section, the impact of using DID on the
experimental results that will be presented shortly. To achieve this, it is first necessary to derive
an expression that represents the voltage control loop. Figure 3-33 shows the step response of the
voltage control loop (without the use of DID). The resulting dynamics can be approximated by a
second-order system using the overshoot M,, and the peak time t,, [76]. Equation (3.66) shows the
second-order function used to approximate the voltage control loop along with its corresponding

values.

Figure 3-33 — Voltage step responses (blue) and equivalent second-order function (orange).
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w? 7832.2

= (3.66)
s2 4+ 2{w,s + w3z s?+111.2s + 7832.2

Cy(s) =

For the modelling of the power control loops, a methodology similar to that used in [76] is
adopted. However, the authors employed droop control, whereas the following derivation will

consider control based on a VSM. First, let us assume that the inverter voltage is represented by
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the phasor V;£6, and it is connected to the grid, which has a voltage represented by the phasor

V,20°, through an inductance with reactance X,,.

The expressions that represent the exchange of P and Q between the two sources are given
by (3.67) [105]:

3V,
in(d
e sin(§)

g (3.67)
[V — ViV, cos(8)]

o

Q=

«?ﬂw

Linearizing P and Q at the operating point (V,, §,) yields:

Vi=V, +AV, 8 =6, + A8, A = 22

By expanding in a Taylor series, equation (3.68) is obtained:

AP = op AV op A8
IEIAN HFY; o (3.68)
AQ = 9Q AV + 90 A8 |
ov;l asl,

By taking the partial derivatives of P and Q with respect to V; and &, evaluated at the

operating point (V; = V,, § = §,), the following expressions are obtained (3.69):

oP| 3V, .
a7 X—gsm(50)
JaP 3V, V.
Kps = ==| =——cos(8,)
as1, Xy
(3.69)
Koy, = oo _3 [2V, =V, cos(5,)]
evi = 3yl T x. -
vl X, 0 0
Q| _ 3Wly
Kos = i = X, sin(6,)
The linearized equations are then given by (3.70):
AP = Kpy AV + KpsAS
PV; P§ (3.70)

Figure 3-34 shows the linearized system of equations representing the small-signal
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dynamics of the active and reactive power control loops, along with the control used for the VSM

and the function Cy, (s), which represents the voltage control loop.

Figure 3-34 — Small-signal model of the power control loops with VVSM control.
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Figure 3-35 shows the step responses of the active power with C,(s) = 1, without the
voltage control loop, and with C,(s) as given by equation (3.66). It can be observed that the
response is oscillatory when the voltage loop is considered, and exponential when it is not.
Therefore, there is an interaction between the control loops, and for this reason, the voltage control
loop using DID was proposed. The following section presents experimental results with and
without the use of DID.

Figure 3-35 — Step responses of the active power.
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3.11 Experimental Results

To evaluate the influence of using DID, experimental results were carried out. The system
parameters used were the same as those presented in Table 3-4. The tests were divided into two
scenarios: the first evaluates the inverter operating in islanded mode, and the second evaluates the
inverter operating in grid-connected mode. It is worth noting that for both conditions, the current
loop controller used was a lead compensator, as shown in Subsection 3.6.2. Additionally, it is
assumed that the voltage V. is regulated directly by a DC source with a constant value. The system

and control parameters are shown in Table 3-7.

3.11.1 Grid-Forming Inverter Assessment — Isolated Operation

In this scenario, the voltage reference v, is directly imposed without any input from the

power control loops. The inverter supplies a three-phase linear load of 17 Q. At a certain point, an
identical load is added to the system. Figure 3-36 (a) - (b) show the a-axis voltage reference (blue
curve), with a nominal peak value of 120 V, the voltage across the capacitor in the a-axis (green

curve), and the corresponding error signal (yellow curve), without and with DID, respectively.

Table 3-7 — System and Control Parameters.

Parameter Value Description

Control parameters of the VSM

R, 5.6 Q Current controller proportional gain
k; 0.27 Current controller lead gain

Ky, 0.04 Q Voltage controller proportional gain

K., 40 AV Voltage controller resonant gain

Ry; 2Q Virtual resistance

Ly; 7 mH Virtual inductance

Ky, 0.51 Q/A Constant current-limiting threshold
o 0.75 XIR ratio

w, 2n60 rad/s Rated angular frequency
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Ig

0.028 Kg - m? Moment of inertia

Damping coefficient of active power-

1327 W -s/rad
frequency

321 Var/V Droop coefficient of reactive power

voltage
2.557A-s Regulator coefficient of reactive power
220V2 V Effective Val:r(:l Slfi ttherated voltage
Grid parameters
380V Grid voltage (L-L, RMS)
60 Hz Grid frequency

Source: Author.
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Figure 3-36 — Capacitor voltage during a load variation: (a) without DID; (b) with DID. Blue

=

curves — v/, ; Green curves — v,,: Yellow curves — error.
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By examining these figures, the introduction of DID leads to a noticeable improvement in
the GFM’s inverter performance when responding to load changes. For the case without DID, the
voltage variation observed was 46.6 V. In contrast, when DID is applied, the voltage variation

decreases to 32.5 V, indicating that the GFM inverter has better disturbance rejection capability.

Additionally, without DID, the settling time was approximately 35 ms. With DID, the
settling time was reduced to approximately 10 ms, reflecting a much faster recovery to the nominal
operating conditions. This reduction in settling time demonstrates the ability of DID to enhance
the GFM’s inverter dynamic response, ensuring that the system can react more swiftly to changes

in load and return to a stable state more efficiently.

3.11.2 Grid-Forming Inverter Assessment — Grid-Connected Operation

In this scenario, the GFM inverter initially supplies 5 kW of P, and 0 kVAr of Q, to the
grid. Subsequently, P, is set to 10 KW. Next, different grid SCR conditions are evaluated. In the
following figures, P, (green curve), Q. (blue curve), and the current injected from one of the phases

(lilac curve) are shown.
A. SCR =257

Initially, a short circuit ratio (SCR) value of 2.57 was considered, which characterizes a

weak grid, as it is lower than 3 [106]. In this case, the value of U,, is reduced to 180+/2 V to reduce

the high inductance requirements of the grid. The value of L, is 10 mH.

Based on Figure 3-37 (a) — (b), it can be observed that the use of DID has little or almost
no influence on the response of the electrical variables. This was expected, since a GFM inverter
tends to operate more stably in weak grids. In fact, the most challenging scenario for a GFM

inverter is its operation in strong grids.
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Figure 3-37 — Injected active power, reactive power and current: (a) without DID; (b) with DID.

Green curves — P; Blue curves— Q: Lilac curves — current. SCR = 2.57.
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B. SCR=3.85

In this second test, the SCR value is 3.85 to characterize a strong grid. The value of U, is

the same as shown in Table 3-7. The value of L, is 10 mH.

From Figure 3-38 (a) — (b), it can be observed that when DID is applied, all three parameters
—active power, reactive power, and current — exhibit less oscillation at the moment the P changes.
In the case without DID, the overshoot is approximately 6 %, whereas with DID it is reduced to

about 4.1 %. The settling time was approximately 400 ms without DID and 250 ms with DID.
C. SCR=77

The next test was carried out considering an SCR of 7.7, which represents a stronger grid

compared to the previous cases. The value of L, is 5 mH.

Figure 3-39 (a) — (b) shows that the use of DID significantly improves the dynamic
response of the variables in question. In the case without DID, the overshoot was 12.1%, whereas
with DID it was reduced to 8%. It can be observed that without DID, the system is highly
oscillatory, with oscillations lasting several seconds, while with DID, the settling time is only
approximately 400 ms.

D. SCR=19.25

The final test considers a grid with an SCR of 19.25, and the value of L, is 2 mH. From
Figure 3-40 (a) — (b), it can be observed that the absence of DID significantly deteriorates the
dynamic response of the electrical variables. In addition to exhibiting an overshoot of 19 %,
subsynchronous oscillations at a frequency of 2.5 Hz emerge (zoom view). In contrast, the
implementation of DID effectively mitigates the oscillatory behavior. As a result, the active power
shows a reduced overshoot of 13.1 %, and the settling time is approximately 400 ms, when

compared to the case without DID.

The presented results confirm what was discussed in the theoretical background, where the
use of DID improves the system’s open-loop gain and, consequently, the inverter’s performance
under disturbances. Furthermore, the influence of the voltage control loop on the operation of the
power control loops is demonstrated. Therefore, using DID improves the dynamic behavior of the
GFM inverter by providing more damping, which helps control fluctuations and ensures the system

stabilizes more rapidly
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Figure 3-38 — Injected active power, reactive power and current: (a) without DID; (b) with DID.

Green curves — P;

Blue curves— Q: Lilac curves — current. SCR = 3.85.
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Figure 3-39 —

Injected active power, reactive power and current: (a) without DID; (b) with DID.

Green curves — P; Blue curves— Q: Lilac curves — current. SCR =7.7.
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Figure 3-40 — Injected active power, reactive power and current: (a) without DID; (b) with DID.
Green curves — P; Blue curves— Q: Lilac curves — current. SCR = 19.25.
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3.12 Chapter Summary

This chapter initially presented the mathematical modelling of the LCL filter, which was
the subject of study. Next, the effect of resonance, an inherent characteristic of this type of filter,
was discussed, along with the existing damping techniques used to mitigate this resonance.

Subsequently, the effect of computational delay on the active damping technique using the
capacitor current was presented. It is shown that computational delay has an adverse effect on this

technique, which can lead the control system to become unstable within a certain frequency range.

The concept of passivity was also introduced as an alternative to provide sufficient
conditions for the stability of a linear system, without depending on the configuration or number

of converters connected to the grid.

Then, the design of the proposed current controller was presented, based on a high-
bandwidth lead compensator, a CCFAD composed of lead compensation, and a CVD employing
lead-lag compensation. Theoretical analyses and experimental results demonstrated the stability

and superiority of the proposed technique compared to other strategies.

Next, the design of the proposed voltage controller was presented, which employed a PR

controller with a DID function to improve the inverter’s dynamic response.

The modelling of the virtual impedance loop and the active and reactive power control
loops were also presented. Furthermore, the influence of the voltage control loop on the power

control loops was shown.

Finally, experimental results of the VSM operating in both islanded mode and grid-
connected mode under different SCR values demonstrated the effectiveness of using DID in

providing better dynamic response of the inverter's electrical variables.
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CHAPTER IV

4 Virtual Synchronous Machine Control — DC Side

This chapter presents the control strategy for the VSM on the DC side. It includes the

modelling of the battery current control and the DC-link voltage control.

4.1 System Description
The DC side stage consists of a battery bank with a bidirectional DC-DC converter. Using

Figure 3-15 as a reference, we have: L, is the inductance of the DC-DC converter, R, is
the ESR of L., C4. is the capacitance of the DC bus, V is the battery bank voltage and V.. is the
DC bus voltage.

The controller of the DC-DC converter is fundamentally focused on regulating V. and the
current in L., I,. A dual-control loop is used for the DC-DC converter, where a Pl controller is
employed to bring V. to the reference value V.. The output of this controller provides the current
reference, I, which is used to regulate I, and is also controlled by a PI controller. The output of
the PI controller provides the control signal to the PWM block, which will generate the pulses to

drive switches Q1 and Q2.

4.2 DC-Link Voltage Control

The voltage across the terminals of C,;. can be modelled as a function that depends on the
difference between the power at the battery bank terminals, Py, and the output power of the GFM
inverter, P,, as shown in Figure 4-1. Neglecting losses, the power balance equation, given by (4.1),
can be used to derive an equation for tuning the control loop of the DC-link voltage [6].

1 dvZ

Ppar — P ZECdc dt (4-1)

Equation (4.1) can be rewritten as (4.2) by making a change of variables such that w, =

V2 [107] and Pyy = Vg X I;.
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Figure 4-1 — DC-link power flow with ideal conversion.
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Source: Author.
Following the methodology presented in [6], the state equation of I, is given by (4.3).

Together with (4.2), this yields the block diagram that represents the DC-DC converter, shown in

Figure 4-2. The variable v, represents the average voltage across the collector-emitter terminals
of switch Q,.

dl
Lac—- =V = Racl, = v (43)

Figure 4-2 — Block diagram of the DC-link voltage control.

T|p,
Vic w} = I o v} g v 1
H LdCS+RdE
Ts Vy
T I

Source: Author.

4.2.1 Tuning of the Current Controller in L,

The block diagram of the discretized I;, control loop is shown in Figure 4-3, where K,;; is
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the PI gain, §;; is the zero of the controller, and B;;, and A;; are the plant parameters, given by
(4.4). The zero of the controller is tuned to cancel the effect of the pole of the plant. The gain K,;,,
can be calculated using (4.5), where f,; is the bandwidth of the controller, which was chosen to be
300 Hz. The proportional gain, K,,, and the integral gain, K;,, are calculated using (4.6). The
controller gains were calculated based on the converter parameters shown in Table 4-1, and their
values are also presented in the same table. The computational delay was neglected in the

controller tuning, as the small bandwidth made its effect on performance negligible.

_Tstc
{AiL =e la (4.4)

By, =1-4y

(1 — e—zn'fciTs)R
Kpi, = = g (4.5)
iL

KpL = 6iLKpiL

Kpir — Kpu (4.6)

K, = T,

Figure 4-3 — Block diagram for I; control.
Ky, (z — 6;1.) L_BiL I.L_>
z—1 Ricz— Ay

Source: Author.

Iy

4.2.2  Tuning of the Voltage Controller in V4,

The block diagram for DC-link voltage control is shown in Figure 4-4. The parameters

K

pvac and Ky are the proportional and integral gains of the P1 controller. The parameters G;;,

6., 6y and Ky 4. are the plant parameters, which include the I, control loop, approximated by an
equivalent first-order system with a bandwidth of 300 Hz, and are shown in (4.7), where Vg the
battery’s nominal voltage. The PI parameters were tuned in MATLAB to achieve a 30 Hz
bandwidth and a phase margin of 75 degrees (to ensure stability and a well-damped response). All

the control parameters are listed in Table 4-1.
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Figure 4-4 — Block diagram for V. control.
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Table 4-1 — System and Control Parameters for the DC-DC Converter.

(4.7)

Parameter Value Description

DC-DC converter and battery parameters

Lgc 8.8 mH DC-DC converter inductance
R, 0.1Q ESR of Ly,

Cic 15 mF DC bus capacitance

Vae 650V DC bus voltage

Ven 540V Battery nominal voltage

Control parameters for the DC-DC converter

K, 15.6 Q 1;, controller proportional gain

K, 171.8 Qs™1 1, controller integral gain
Kyvac 0.002 A/V? V4. controller proportional gain
Kivac 0.08 (4/V?)s™1 V4. controller integral gain

Source: Author.
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4.3 Simulation Results

To validate the control strategy, simulation results were conducted using the software
MATLAB/Simulink. The system parameters are listed in Table 3-7 and Table 4-1. The
bidirectional operation of the converter was analyzed, sometimes injecting power into the grid and
at other times charging the battery bank. The SCR levels were deliberately chosen to ensure that
the grid is strong, which is the most challenging grid type for GFM inverters. Situations without
the proposed strategy, i.e., without the DID presented in Section 3.7.2, and with the proposed

strategy, i.e., with the DID, were compared.
A. Without the proposed strategy — SCR = 6.38

Figure 4-5 shows the P, and Q. curves of the converter for an SCR = 6.38 and without
DID. Att = 0.93 s, P* and Q* are set to inject 10 kW and 0 VA, respectively, into the grid. As
observed in the curves, both P, and Q, exhibit oscillatory behavior during the transient period.
Notably, when power injection begins, P, reaches a peak of approximately 15.5 kW—representing
a 55 % overshoot. Simultaneously, Q. reaches a minimum of —7.4 kVAr, compared to its steady-
state value of —1.9 kVAr, resulting in an undershoot of 289 %. Both signals settle to their steady-

state values in about 0.93 s.

Att = 2.5s, P* is changed to -10 kW, indicating that the battery bank begins charging. In
response, P, reaches approximately —12 kW, corresponding to a 20 % undershoot. The new steady-
state value of Q. becomes 3.2 kVAr, with a peak of 10 kVAr during the transient, representing an

overshoot of 212 %. Both signals settle to their steady-state values in about 0.6 s.
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Figure 4-5 — P, and Q,, curves without the strategy — SCR = 6.38.
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B. With the proposed strategy — SCR = 6.38

Figure 4-6 shows the P, and Q, curves of the converter for an SCR = 6.38 and with DID.
Att = 0.93 s, P* is set to inject 10 kKW into the grid. When power injection begins, P, reaches a
peak of approximately 10.1 kW—representing a 1.3 % overshoot. Simultaneously, Q, reaches a
minimum of —2.5 kVAr, resulting in an undershoot of 31.58 %. Both signals settle to their steady-

state values in about 0.21 s.

Att = 2.5s, P* is changed to -10 kW. In response, P, approaches its steady-state value of
—10 kW exponentially. Meanwhile, Q, peaks at 3.27 kVAr during the transient, representing an

overshoot of 2.19 %. Both signals settle to their steady-state values in about 0.22 s.
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Figure 4-6 — P, and Q,, curves with the strategy — SCR = 6.38.
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C. Without the proposed strategy — SCR = 12.76

Figure 4-7 shows the P, and Q, curves of the converter for an SCR = 12.76 and without
DID. Att = 0.93 s, P* is set to inject 10 kW into the grid. As observed in the curves, both P, and
Q. exhibit a much more oscillatory behavior than the previous case during the transient period.
Notably, when power injection begins, P, reaches a peak of approximately 20 kW—representing
a 100 % overshoot. Simultaneously, Q. reaches a minimum of —14.4 kVVAr, compared to its steady-
state value of —3.4 kVAr, resulting in an undershoot of 324 %. Both signals settle to their steady-

state values in about 3.14 s.

Att = 4.5s, P* is changed to -10 kW. In response, P, reaches approximately —12.9 kW,
corresponding to a 29 % undershoot. The new steady-state value of Q, becomes 4.2 kVAr, with a
peak of 13.2 KVAr during the transient, representing an overshoot of 214 %. Both signals settle to

their steady-state values in about 0.7 s.
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Figure 4-7 — P, and @, curves without the strategy — SCR = 12.76.
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D. With the proposed strategy — SCR = 12.76

Figure 4-8 shows the P, and Q. curves of the converter for an SCR = 12.76 and with DID.
Att = 0.93 s, P is set to inject 10 KW into the grid. When power injection begins, P, reaches a
peak of approximately 10.75 kW—representing a 7.5 % overshoot. Simultaneously, Q, reaches a
minimum of —4.74 KV Ar, resulting in an undershoot of 39.41 %. Both signals settle to their steady-
state values in about 0.17 s.

Att = 1.5s, P* is changed to -10 kW. In response, P, reaches approximately -10.2 kW,
corresponding to a 2 % undershoot. Meanwhile, Q, peaks at 4.85 kVAr during the transient,
representing an overshoot of 15.48 %. Both signals settle to their steady-state values in about 0.1
S.

121



Figure 4-8 — P, and @, curves with the strategy — SCR = 12.76.
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The overall results demonstrate that the converter's performance significantly improves
when the proposed DID strategy is applied. In both SCR scenarios (6.38 and 12.76), the use of
DID leads to a substantial reduction in overshoot and undershoot for both P, and Q,, as well as
much faster settling times. This improved performance is attributed to the enhanced damping and
dynamic response introduced by the DID, which effectively mitigates oscillations during transient
events such as power injection or battery charging. Consequently, the system becomes more stable
and responsive, especially under stronger grid conditions where oscillations are typically more

pronounced.

4.4 Chapter Summary

This chapter presented the proposed control strategy for the DC side of the VSM. PI
controllers were employed to regulate the battery current and the DC-link voltage. Prior to

controller tuning, the modelling of the plant was carried out to support the control design.

Simulation results under two SCR conditions (6.38 and 12.76) demonstrated the
effectiveness of the proposed DID strategy in improving the dynamic response of the converter
when injecting power into the grid or charging the battery, significantly reducing overshoot,

undershoot, and settling time of the electrical variables.
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CHAPTER V

5 Analysis of Converter Operation in a Microgrid

This chapter presents the performance of the VSM operating in a microgrid, analyzed
through simulations using MATLAB/Simulink, considering only the grid-connected operation.
The components that make up the system are shown in Figure 5-1. As illustrated, the complete
microgrid consists of two VSMs, each with its own DC link and control system, along with one
GFL inverter, where the DC side of the GFL inverter is modeled as an ideal DC voltage source,
and both linear and nonlinear loads are included. The parameters of the GFM inverters and the
GFL inverter are the same as those used to obtain the results presented in Chapters 3 and 4. The
linear load is a 5 kW three-phase load, and the nonlinear load consists essentially of a rectifier
bridge feeding an LC filter (inductor L,; and capacitor Cy;), with a resistor Ry, in parallel with
Cy.- Thevaluesof Ly, Cy.,and Ry, are 100 uH, 470 uF, and 150 Q, respectively. The following

subsections evaluate several simulation scenarios of the microgrid.

Figure 5-1 — Microgrid schematic diagram.

PCC
GFM < - Linear
Inverter Load
GFM < q Nonlinear
Inverter Load
GFL .
Inverter < > Grid

Source: Author.

5.1 Scenario 1 — Parallel Operation of GFM and GFL Inverters

In the first scenario, the GFL inverter is configured to inject a peak current of 20 A into the
grid. Subsequently, a GFM inverter is connected in parallel with the system and begins injecting

power into the grid. Two cases are analyzed: the GFL inverter and the GFM inverter operating
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with and without the G4 function.

In Figure 5-2 (a), the three-phase currents of the GFL inverter without G4 are shown, and
Figure 5-2 (b) provides a zoomed-in view of the injected current. Similarly, Figure 5-3 (a) shows
the three-phase currents of the GFL inverter with G.,4, and Figure 5-3 (b) presents a zoomed-in

view of the injected current.

By analyzing the figures, it is observed that the current is more oscillatory in the case
without G4, both at the moment the GFM inverter is connected and during steady-state operation,

where it can be clearly seen that the current exhibits greater oscillation.

Figure 5-2 — (a) Injected current of the GFL inverter without G4, operating in parallel with a

GFM inverter without G_,,4; (b) Zoomed-in view.
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Figure 5-3 — (a) Injected current of the GFL inverter with G4, operating in parallel with a GFM

inverter with G.,4; (b) Zoomed-in view.
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Figure 5-4 (a) and Figure 5-4 (b) show the three-phase currents of the GFM inverter for the
case where both inverters operate without G4, with the latter providing a zoomed-in view of the

current waveform.

Similarly, Figure 5-5 (a) and Figure 5-5 (b) present the GFM inverter currents when both
inverters operate with G4, again with a zoomed-in detail shown in part (b).

As also observed in the GFL inverter waveforms, the GFM inverter exhibits more

oscillatory behavior in steady state when G.,,4 is not employed.
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Figure 5-4 — (a) Injected current of the GFM inverter without G.,4, operating in parallel with a
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Figure 5-5 — (a) Injected current of the GFM inverter with G4, operating in parallel with a GFL

inverter with G.,4; (b) Zoomed-in view.
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5.2 Scenario 2 — Low-Voltage Ride-Through Capability Assessment

In this scenario, the GFL inverter operates in parallel with the GFM inverter, and at t =
1.5 s, a 50 % grid voltage sag occurs, lasting for 200 ms. The cases with and without G4 in the

GFL inverter are analyzed. In both cases the GFM inverter operates with G,4.

Figure 5-6 shows the three-phase currents of the GFL inverter without G.,4. It can be
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observed that the current reaches a maximum of 34.8 A and a minimum of -29.9 A at the moment

the grid voltage sags. Figure 5-7 presents the three-phase currents of the GFL inverter with G.,,4.

In this case, the current reaches a maximum of 29.2 A and a minimum of -25.4 A, indicating better

performance compared to the previous case.

Furthermore, it is noticeable that when the grid voltage returns to its nominal value, the

transient response of the currents in the second case is improved when compared to the first one.
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Figure 5-6 —

Injected current of the GFL inverter without G4 during a voltage sag.
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Figure 5-7 — Injected current of the GFL inverter with G, during a voltage sag.
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Figure 5-8 and Figure 5-9 show the three-phase currents of the GFM inverter, which
includes G.,4 in both cases, operating in parallel with the GFL inverter, without and with G4,
respectively. As observed, the use or absence of G4 in the GFL inverter does not cause significant
changes in the response of the GFM inverter.

To limit the current during the transient, the adaptive current-limiting virtual impedance is
used. The red dashed lines show the allowed value of I,, for the current during the transient, which
is equal to 150 % of the nominal peak current. As can be observed, the current was correctly
limited, and after the voltage sag ended, the converter continued to provide the requested current

as before the voltage sag event.
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Figure 5-8 — Injected current of the GFM inverter during a voltage sag, with the GFL inverter

operating without G,4.
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Figure 5-9 — Injected current of the GFM inverter during a voltage sag, with the GFL inverter

operating with G.,4.
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5.3 Scenario 3 — Parallel Operation of GFM Inverters

The third scenario analyses the parallel operation of two GFM inverters. The SCR value is
3.2. Initially, the GFL inverter and one GFM inverter are already connected to the grid, supplying
power to it and to the linear load. Subsequently, the second GFM inverter begins the
synchronization process with the grid, and at t = 2 s, it is connected to the grid, injecting 10 kW.
Figure 5-10 and Figure 5-11 show the active power responses of both converters, denoted as P,

and P,,, when operating without and with DID, respectively.

As observed, the power peak reached by the second GFM inverter was 16.1 kW without
the use of DID, and 13.7 kW with the use of DID. As for the first GFM inverter, at the moment of
connection, the power reached 6.9 kW without DID and 7.7 kW with DID, before returning to its

nominal value.

It is also noted that the system shown in Figure 5-10 reached steady-state in approximately
0.6 s, while the system in Figure 5-11 took around 1.5 s. Additionally, P,; and P,, were
significantly more oscillatory during the transient period when the converters operated without
DID.

Therefore, once again, the improvement in the dynamic response of the converters when

DID is used becomes evident.

Figure 5-12 shows the THD of the current injected into the grid in one of the phases, which
was 0.93 %. It is observed that this value complies with the standards established by IEEE 519-
2014 [108].
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Figure 5-10 — Active powers of the GFM inverters during parallel operation without DID.
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Figure 5-11 — Active powers of the GFM inverters during parallel operation with DID.
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Figure 5-12 — Total harmonic distortion of the current injected into the grid in one of the phases.
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5.4 Scenario 4 — Power Quality Assessment of the Microgrid

In this scenario, the steady-state operation of the microgrid is analyzed with all its
components, including the nonlinear load. Figure 5-13 shows the voltage THD in one of the phases
at the PCC, which is 2.5 %, and Figure 5-14 shows the current THD in one of the phases at the
PCC, which is 1.73 %. It is observed that both values comply with the standards established by
IEEE 519-2014 [108].
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Figure 5-13 — Total harmonic distortion of the voltage at the PCC in one of the phases.
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Figure 5-14 — Total harmonic distortion of the current at the PCC in one of the phases.
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5.5 Chapter Summary

This chapter presents the performance evaluation of a microgrid composed of two VSMs,
one GFL inverter, and both linear and nonlinear loads. Four simulation scenarios are analyzed. In
Scenario 1, the use of G.,; improved the dynamic response and the quality of the injected current.
In Scenario 2, the use of G.,,; improved the response of the GFL inverter during a voltage sag, and
the application of adaptive current-limiting virtual impedance effectively limited the current of the
GFM inverter. In Scenario 3, during the parallel operation of two GFM inverters, the use of DID
control enhanced their dynamic performance. Scenario 4 evaluates the power quality of the
complete microgrid, showing that the voltage and current THD at the PCC are within the limits
established by IEEE 519-2014.

135



CHAPTER VI

6 Conclusions and Future Works

6.1 Conclusions

The transition toward RES has significantly increased the penetration of IBRs in modern
power systems, particularly within microgrids. While IBRs offer numerous advantages, their
inherent lack of inertia and damping compared to traditional synchronous generators poses
challenges to grid stability, especially during transient events. This thesis addressed these
challenges by developing a control strategy for VSMs to enhance power dynamic response and
stability in microgrids. The primary focus was on improving the inner control loops (current and
voltage controllers) of the VSM, which are critical for improving transient performance,

disturbance rejection, and interoperability in diverse grid conditions.

In Chapter I11, the work focused on improving the inverter-side current control of the VSM.
A current controller was developed to achieve high bandwidth and to address issues such as LCL
filter resonance and grid disturbances. Experimental tests confirmed its effectiveness in several
scenarios. For voltage control, a DID method was introduced to reduce power and current
oscillations when the VSM was connected to the grid under different SCR values. It also enhanced
the voltage response in islanded mode during load shifts. This approach proved particularly
effective in strong grids, where it minimized power overshoot and eliminated subsynchronous

oscillations. Experimental tests further validated its effectiveness.

In Chapter 1V, the research addressed DC-side control for bidirectional power flow. A
strategy was designed to regulate the DC-link voltage and battery current during both grid export
and battery charging. Simulations demonstrated smoother power transitions when the DID method

was used.

Chapter V validated the proposed VSM converter improvements in a microgrid
environment comprising two VSMs, a GFL inverter, linear load, and nonlinear load. The simulated
results confirmed that the enhanced control strategies maintained their effectiveness despite
dynamic interactions among all components, ensuring smooth coordination between the

converters, continuous operation through grid disturbances and power quality compliance despite
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harmonic distortion from nonlinear loads.

6.2 Future Works

To continue the work developed in this thesis, it is suggested that the following points be

addressed:

Analyze the interaction between multiple converters operating in parallel to identify
the system's stability limits.

Compare the converter's performance under more advanced control strategies, such
as Model Predictive Control (MPC).

Analyze the dynamic behaviour and interactions of the DC link with the converter.
Implement power decoupling strategies in order to assess potential performance
improvements.

Analyze converter operation under more realistic grid conditions, including

asymmetrical faults and unbalanced conditions.
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APPENDIX A

A. Coefficients of the transfer function of Z,(s)
The equivalent of the function G;(z) in the continuous-time domain is given by (A.1).

(A1)

The coefficients representing the transfer function of Z,(s) are presented below:
b7 = CLleTdaLk3TLTp

beg = CL1L;Tyk3ty, — CLyTqkst Ty + CL1L,Taa kst + 2CLy Lya ksT,T,
+ CLiLTqa kst Ty + CLiR Tqa kst 7)) + CLyR Ty k3T, T,

bs = 2CL1Lyk3ty, — CLyTakst, — CLyTgksty, + 2CLy k3,7, + CL1LyTaks + CL1 LTkt
+ CL1R;Tykst, + CLyR Taksty, + 2CLyLya kst — CLyTakat,7T)
+ LiTqa kst Ty + LT kst Ty + LoTya kst 7, + CLiLyTyaa kT,
+ CLiR;Tqay kst + CLyR Tqa kst + 2CLy Lya kT, Ty + 2CL1 Ry kT, Ty
+ 2CLyRya kst + CLiRTqa kyt Ty + CLyR Taa kst 7))

by = 2CL1Lyks — CLyTyks + 2CLykst), + 2CLyksTy + LiTakst, + LaTaksty + Lo Tyt,
+ 2CLyLykyTy + 2CL1 Ry k3T, + 2CLyR 1 k3T, — CLyTakyt, — CLyTakyt,
+ LiTqay kst + 2L, Taa kst + 2CLy ka7, + 2L kst Ty + 20,k37,T,
= 2Lyap k31T, — Tqapkyt 1y + CL1LyTaky + CLiR;Tyks + CLyR 1 Tyks
+ CL1R;Tykyty + CLyR Tyksty + 2CLy Ly kgt + 2CLy Ry ks,
+ 2CLyRyapkst), + LiTaa kat Ty + LoTaa kst Ty + LoTya kT, 7,
+ R Taa kst + RpTya ka1, T, + RoTya kst 7, + CLiR, Tya kyty,
+ CLyR Tqa kat, + 2CL1 Ry kst T + 2CLo Ry kst Ty
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by = 2CLyks + L1 Taks + 2L;Tgks + 2L1 k3T, + 2Ly ks, — 2Lokst, — TakqTp + 20,k 7,7y
+ 2CL1Lyky + 2CLyRyks + 2CLyR k3 — CLyTyky + 2CLo kst + 2CLo Ky T,
+ LiTykaty + LoTakyTy + LoTakyat, + RiTaksT, + RyTakst, + RyTakst,
+ 2L a kst — Taapkit, + 2CL1RykyTy + 2CLyR Kyt + LiTqa kyt),
+ 2L, Tga kst + RiTaa kst + 2R, Ty kst + 2Lya k7 + 2L, k7,7,
= 2Lyap k7T, + 2Ry k3T Ty + 2Roa k3T T, — 2Ry ks T T, — Taa kyT,T,
+ CLiR,Tyky + CLyR Tyky + 2CL1 Ry kyty, + 2CLoR kgt
+ RiTqa kat,Tp + RpTya ka1, T, + RoTqa kyt,7,

by = 2L1k3 — Taky + 2kq7p + 2CLoky + L1 Tyky + 2L,Tgky + RiTgks + 2R, Tyks + 2L, kst
+ 2Lk, — 2LykyT, + 2Ry k3T + 2Rk3T, — 2Ry k3T, — Takat, + 20 k4T),
+ 2a, k7,7, + 2CL1Ryky + 2CLyR1ky + RiTakatTy + RyTaksty + RoTykyt,
+ 2L a kst + 2Ry kst — Tho kv, + RiTaa k,t, + 2R T kyty,
+ 2Rya kT Ty + 2Ry kT T, — 2Ry kT, T,

by = 2ky + 2L ks + 2R k3 — Tyky + 2k,7, + RiTgks + 2R, Tyky + 2R 1 kyT) + 2R34T,
— 2Ry kut, + 20, kT + 2Ry kT,

bo = 2k2 + 2R1k4

a6 = CLleaLk3TLTp

as = CLiTak3ty, — CTakst, Ty + CLiTqa kst + 2CLyap kst T, + CLi Ty kat, T
+ CR Tqa k3t,7)

ay = CLiTgks + 2CLyk3t, — CTykst, — CTakst, + 2Ck3t,7, + CL1Takyt, + CRTyksT,
+ 2CLyapksty, — CTakyt Ty + Taap kst Ty + Ty kst 7, + CLiTqa kst
+ CRiTqa kst + 2CLya kT + 2CR k3T, T, + CR Ty kut,T)

az = 2CLyks — CTaks + 2Ck3ty, + 2Ck3Ty, + Tyksty, + Takst, + 2a k31,7, — 20, k37,7,
+ CLyTyky + CRTyks + 2CL1kyTy, + 2CR1 k3T, — CTakyt, — CTakyt,
+ 2Tga kst + 20k, T + CR TakyTy + 2CLyapkat, + 2CR a0 k3T,

+ TdaLk4TLTp + TdO(Lk4TLTZ + CRleaLk4_TL + ZCRlaLk4TLTp

154



az = ZCk3 + 2Tdk3 + 2k3Tp - 2k3TZ + 26L1k4 + ZCR1k3 - CTdk4 + 2Ck4TL + 2Ck4Tp
+ Takyty + Takyt, + 20,k 7,7, — 20,ks7,T, + CR Tgks + 2CR k47
+ 2Tqa kst + 2CRia kyt),

al = 2Ck4 + ZTdk4 + 2k4Tp - 2k4_TZ + 2CR1k4
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APPENDIX B

B. Experimental setup

For the acquisition of the experimental results, it was necessary to assemble a test bench

containing four inverters and their respective filters, although only one was used in this phase of

the research. The schematic diagram of the experimental setup is shown in Figure B-1, and its

components are listed below:

© 0o N o g B~ w DN PE

Danfoss inverters, model FC 302

dSPACE MicroLabBox for controlling the inverters

Bi-directional Power Supply, model EA-PSB 10750-120 4U

Inductors and capacitors forming the LCL filter

Circuit breakers and contactors (controlled by dSPACE)

Inductors simulating the line impedance

Chroma 61830 grid emulator for simulating the grid

An isolation transformer for direct connection of the inverter to the grid (if needed)

Linear loads
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Figure B-1 — Full schematic of the experimental setup. Source: Author.
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Some photos of the experimental setup are shown below:

Figure B-2 — Inverters used in the experimental setup.
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Source: Author.

Figure B-3 - L,, C of the LCL filter and grid impedance connectors.

Source: Author.
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Figure B-4 — L, and grid impedance inductors.

Source: Author.

Figure B-5 — DC voltage source.

Source: Author.
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