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Resumo

As fontes renováveis têm contribuído significativamente para a nova forma de geração de energia
conectada aos sistemas de distribuição e transmissão. A geração de energia distribuída por fontes
renováveis tem recebido investimento crescente, especialmente a energia fotovoltaica (FV). Os
inversores desempenham um papel fundamental nos sistemas de interligação à rede elétrica e
sua operação multifuncional tem se tornado um foco para alcançar melhor custo-benefício. Os
inversores multifuncionais são capazes de atender a diversas necessidades da rede elétrica, o que
contribui para uma maior eficiência e otimização do sistema. O principal objetivo do inversor
FV é injetar potência ativa na rede, mas devido às variações na irradiância solar, muitas vezes
eles operam abaixo de sua corrente nominal. Essa margem de corrente pode ser usada para
serviços ancilares, como suporte de potência reativa e corrente harmônica. A presente tese de
doutorado tem o objetivo de investigar o impacto do suporte de correntes harmônicas (SCH)
no projeto, operação e controle de sistemas FV conectados à rede. O trabalho se concentra na
exploração dos efeitos dos serviços ancilares, que podem interferir no funcionamento correto
dos sistemas de geração distribuída (GD). As principais contribuições desta tese incluem um
algoritmo para determinar os limites do SCH, diretrizes para obter as curvas de capabilidade de
tensão e corrente para inversores FV, análise do impacto de indutores não lineares nas curvas de
capabilidade e recomendações para a seleção ótima de componentes do filtro LCL com base nas
perdas totais do sistema e nos efeitos do SCH. A metodologia apresentada permite a avaliação de
projetos de filtro passivo e tensão do barramento cc, fornecendo aos projetistas uma troca entre
várias métricas de desempenho, como eficiência e volume. O trabalho demonstra que é possível
alcançar um sistema FV com capabilidade aprimorada para SCH sem comprometer a eficiência
do sistema. Em uma condição do estudo de caso, ao utilizar as mesmas condições de filtro
passivo e frequência de comutação, a operação multifuncional resulta em uma diminuição de
0,11% na eficiência e 0,09 kW/dm3 na densidade de potência. As descobertas e recomendações
apresentadas nesta tese podem ajudar no projeto e otimização de sistemas FV conectados à rede,
contribuindo, em última análise, para a integração eficiente e confiável de energia renovável na
rede.

Palavras-chave: Curvas de Capabilidade; Filtros Passivos; Inversores Multifuncionais; Quali-
dade de Energia; Serviços Ancilares; Suporte de Correntes Harmônicas.



Abstract

Renewable energy sources have significantly contributed to the new form of power generation that
is connected to distribution and transmission systems. The distributed energy generation provided
by renewable sources has been receiving increased investment, particularly photovoltaic (PV)
solar energy. Power inverters play a key role in these grid-tied systems and their multifunctional
operation has become a focus for achieving better cost-benefit. Multifunctional inverters are
capable of attend various needs of the electrical grid, which contributes to greater efficiency
and system optimization. The main objective of a PV inverter is to inject active power into the
ac-grid, however due to variations in solar irradiance, they often operate below their rated current.
This current margin can be used for ancillary services, such as reactive power and harmonic
current support (HCS). This thesis investigates the impact of HCS on the design, operation, and
control of grid-tied PV systems. The work focuses on exploring the effects of ancillary services,
which can interfere with the correct functioning of distributed generation (DG) systems. Key
contributions of this thesis include an algorithm for determining the limits of HCS, guidelines to
obtain the voltage and current capability curves for PV inverters, analysis of nonlinear inductors
impact on capability curves, and recommendations for optimal LCL filter component selection
based on total system losses and HCS effects. The presented methodology enables the evaluation
of passive filter and dc-link voltage designs, providing designers with a trade-offs among various
performance metrics, such as efficiency and volume. The work demonstrates that it is possible to
achieve a PV system with enhanced capability for HCS without compromising system efficiency.
In one condition of the study case, when employing the same passive filter conditions and
switching frequency, the multifunctional operation results in a decrease of 0.11% in efficiency
and 0.09 kW/dm3 in power density. The findings and recommendations presented in this thesis
can aid in the design and optimization of grid-tied PV systems, ultimately contributing to the
efficient and reliable integration of renewable energy into the grid.

Keywords: Ancillary Services; Capability Curves; Harmonic Current Support; Multifunctional
Inverters; Passive Filters; Power Quality.
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Ta Ambient temperature

T Waveform period

vg Grid voltage

V ∗
dc Dc-link voltage reference

Vpv Photovoltaic modules voltage

v∗
s Inverter synthesized voltage reference

vs Inverter synthesized voltage

vg Instantaneous grid voltage

Vg RMS line-to-line grid voltage

Vc Capacitor voltage

Vpcc Point of common coupling voltage

vsα,sβ Inverter synthesized voltage in stationary reference frame

vsa,sb,sc Inverter synthesized voltage in natural reference frame

vsd,sq Inverter synthesized voltage in synchronous reference frame

Vcap Capacitors volume

Vind Inductors volume

VCS Cooling system volume



vf Diode direct voltage

vce IGBT emitter collector voltage

VP CCh Point of common coupling voltage for the harmonic order h

V̂S Inverter synthesized peak voltage

Vdc_est Estimated dc-link voltage value

Vb Base voltage

ZLCL Filter impedance

Zth Transient Thermal Impedance

δV h Voltage Phase Angle of the Harmonic order h

∆Vdch Dc-link voltage ripple

∆Ti Inductor temperature rise

∆I,max Current ripple

ωf Angular fundamental frequency

δp Depth of Penetration

τi Thermal time constant
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1 Introduction

1.1 Context and relevance

Power quality (PQ) has been an important topic within the power system, as it impacts
system loads such as motors, transformers, cables, etc. PQ problems can cause technical issues
such as excess heating, false tripping, early aging of devices, and equipment malfunction (LUM-
BRERAS et al., 2020). Ideally, the power system should supply safe, reliable, and uninterrupted
energy that is purely sinusoidal in terms of magnitude and frequency according to the terms of the
energy supplier contract. PQ problems are quantified in terms of supply system voltage, current
or frequency deviation, which may cause equipment malfunction in industrial, commercial,
and end-consumer settings (IEEE, 2014). Due to the increased use of electronic devices and
nonlinear and unbalanced loads, PQ problems have been exacerbated, which may compromise
the operation and stability of the power system (SALEM et al., 2022).

Regulatory improvements for PQ are constantly being discussed. A technical regulation
refers to a document approved by government agencies that includes mandatory administrative
regulations. In Brazil, PQ regulation established by ANEEL (Agência Nacional de Energia
Elétrica) is contained in Module 8 of the Procedimentos de Distribuição de Energia Elétrica no
Sistema Elétrico Nacional - Prodist. Other standards include: IEC 61000 - IEC (International
Electrotechnical Commission); CIGRE C4.07/CIRED - Cigré (Congres Internationale des Grand
Réseaux Électriques a Haute Tension); and EN 50160 - CEN (European Committee for Standard-
ization). Fig. 1 presents common PQ problems addressed in the standards above, highlighting
the main causes and effects.

In the current power system scenario, interest in renewable energy sources (RESs) and its
integration with the power grid have grown significantly as a result of increasing power demand,
environmental problems, and governmental policies (RAY; RAY; DASH, 2022).

Distributed energy resources (DREs) consist of several components, including the energy
source, energy storage, power management and inverter. The inverter is utilized to match the
voltage and frequency conditions of the electricity generated by the RES with those required by
the final consumer. However, a high penetration of inverters in the electrical grid can lead to PQ
issues in electrical systems. Harmonic distortion on power lines is one of the most significant
contributors to poor PQ.

Maintaining PQ within the limits imposed by regulations is not only the responsibility
of consumers, but also that of energy suppliers and manufacturers of electrical and electronic
equipment. In general, energy utilities must maintain voltage quality at the point of common
coupling (PCC) (ANEEL, 2011; IEEE, 2014), while manufacturers must design equipment that
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Source: Own authorship.

Figure 1 – PQ problems cause and effect examples.

does not degrade PQ beyond the standards limits (IEC, 2014).

In summary, IEEE 519-2014 states that the power distribution company must be able to
provide voltage with defined power quality characteristics. However, to ensure a grid-oriented
PQ for their installations, end-consumers must also fulfill certain requirements. Tables 1 and 2
present the recommended harmonic voltage limits and the maximum current distortion according
to IEEE (2014), respectively.

Table 1 – Voltage distortion limits.

Bus voltage V Individual harmonic (%) Total Harmonic distortion (%)

V ≤ 1.0 kV 5 8.0
1 kV < V ≤ 69.0 kV 3 5.0

69.0 kV < V ≤ 161.0 kV 1.5 2.5
161 kV < V 1.0 1.5

Source: IEEE (2014).

Note in Table 2 that the short-circuit current (Isc) is taken into account alongside the load
current (IL). The two values are compared as a ratio Isc/IL, which provides some insight into
the electrical source impedance and the ability to handle harmonics. The greater the difference
between Isc and IL, less likely the circuit will be affected by the presence of harmonics. Addi-
tionally, only odd harmonic orders are presented in the table; even harmonics are limited to 25%



Chapter 1. Introduction 25

Table 2 – Current distortion limits for systems rated 120 V through 69 kV.

Maximum harmonic current distortion. (% of maximum demand load)

Individual harmonic order (odd harmonics)

ISC/IL 3 ≤ h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 TDD

< 20 4.0 2.0 1.5 0.6 5.0
20 < 50 7.0 3.5 2.5 1.0 8.0
50 < 100 10.0 4.5 4.0 1.5 12.0

100 < 1000 12.0 5.5 5.0 2.0 15.0
> 1000 15.0 7.0 6.0 2.5 20.0

Source: IEEE (2014).

of the odd harmonic limits presented.

When the distortion on the PCC exceeds the limits imposed, consumers must adopt
corrective measures. Otherwise, it can affect the grid at the transmission and distribution levels
(LI; WANG; XU, 2019; IEEE, 2021). In the literature, it is possible to find a great diversity of
filters and devices for harmonic current mitigation.

Harmonic mitigation technologies for power systems can be broadly divided into two
categories: passive and active techniques. Passive techniques include the use of passive filters,
which are composed of capacitors, inductors and/or resistors connected in parallel with the
harmonic load, tuned to specific frequencies to provide low-impedance paths and prevent
harmonic currents from flowing out of the load (GONZALEZ; MCCALL, 1987). The main
advantage of passive filters is their low cost and almost maintenance-free service, but they
can have limitations such as dependence on system conditions and the need for elaborate
investigations into harmonic resonance and overloading (DAS, 2004).

Active techniques include the use of active filters, which have a higher filtering per-
formance capability, smaller size, and more adjustable operation compared to passive filters
(AKAGI, 2006). They consist of a voltage-source inverter equipped with a dc-link capacitor.
Active filters have higher cost of installation and maintenance, but they can overcome some of
the limitations of passive filters. Hybrid filters, which combine active and passive components,
are also used to reduce the inverter rated power and allow high power applications with reduced
costs (ANTUNES; PIRES; SILVA, 2019).

Nowadays, there is a growing emphasis on devices that can perform a variety of different
functions using the same hardware configuration. This is commonly referred to as multifunctional
operation (RAY; RAY; DASH, 2022). The reason for this shift in focus is the increasing demand
for devices that are more versatile and efficient. Fig. 2 presents the main ancillary services that
have been extensively discussed and documented in various academic literature sources. These
services play a crucial role in supporting the reliable and efficient operation of power systems



Chapter 1. Introduction 26

and maintaining their stability.

Source: Own authorship.

Figure 2 – Ancillary services in distributed generation units

Although there are regulations that set limits on harmonic distortion in the power system,
currently, there is no requirement for inverters connected to the grid to mitigate harmonic currents
and voltage at the PCC. Due to the increasing adoption of RES such as photovoltaics (PV) solar
energy, could lead to a future scenario where regulatory agencies require distributed generation
(DG) systems connected to the grid to contribute to harmonic mitigation.

In Brazil, Art. 23o da Lei nº 14.300, de 06 de janeiro de 2022 (BRASIL, 2022) already
permits the contract of ancillary services with the objective of improving efficiency and capacity,
as well as deferring investments by the power distribution company. Although it does not
explicitly mention harmonic mitigation, it provides an opportunity for addressing such issues,
as distortions can adversely affect the electrical system. Also, regulatory agencies have already
established requirements for addressing other grid-related issues, such as reactive power injection.
These regulations vary by region, but they demonstrate a trend towards assigning specific
responsibilities to grid-connected inverters. In the United States, IEEE 1547 requires at least 20%
of rated power, in Europe IEC 62116 requires -0.2 to +0.8 pu, and in Brazil ANEEL’s Normative
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Resolution complies with the requirements of the IEC standard. These requirements are put in
place to support the grid in terms of stability and voltage regulation. Drawing parallels to these
existing regulations, it is reasonable to expect that similar measures may be implemented for
harmonic mitigation in the future.

These indicators demonstrate the growing importance of addressing harmonic distortion
in power systems and the need for inverters to play a role in mitigating these harmonics. Alter-
natively, DG systems could be designed with harmonic mitigation services to assist or replace
existing technologies such as passive and active filters. Therefore, as motivators of this thesis
are to continue advancing research in this specific area and help fill the current knowledge gaps
that exist. It is important to take steps that will lead to a deeper understanding of the effects of
ancillary services in the PV systems. The current study is within the context of multifunctional
operation, with a specific focus on PV inverters providing harmonic current support (HCS).

1.2 Multifunctional PV inverter realization

Among the promising RESs, PV solar energy has been increasing rapidly, mainly due to
the abundance of energy that reaches the surface of the earth and the cost-effective residential
installation. The stochastic nature of solar irradiance can be seen as an opportunity to optimize
the use of PV inverters (SHAFIULLAH; AHMED; AL-SULAIMAN, 2022). It is possible to use
inverters in the PV systems, whose main function is to inject active power into the grid, for PQ
improvement(ALONSO, A. M. d. S. et al., 2020; RAY; RAY; DASH, 2022). These are called
multifunctional inverters (MI).

PV grid-connected inverters and shunt active power filters share some similarities re-
garding its power structure and control techniques (ALONSO, A. M. et al., 2021). Fig. 3 shows
the basic structure and generic control techniques of distributed generators and active power
filters. Also, both are viewed by the power grid as a controlled current source and must be
synchronized with the power grid. However, despite technical similarities, additional control
and/or hardware improvements may be necessary in the PV system (CALLEGARI; SILVA, et al.,
2019; SHAFIULLAH; AHMED; AL-SULAIMAN, 2022).

In MI, it is possible to implement ancillary services beyond basic energy conversion that
can provide support to the electrical grid. PV inverters can provide several ancillary services,
including: Harmonic support, reactive support, frequency regulation, voltage regulation and ride-
through capability (SHAFIULLAH; AHMED; AL-SULAIMAN, 2022). Reference Munir and Li
(2013) explores using residential DG-grid interfacing inverters as virtual harmonic resistances to
mitigate the harmonics and improve PQ in a typical residence. Authors in Bighash et al. (2018)
also described a strategy for compensating harmonics in the residential distribution grid using
grid-connected roof-top PV inverters. The compensation method is based on analyzing the PCC
voltage harmonics and using an adaptive-harmonic compensator to individually compensate each
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Figure 3 – Active power filter and distributed generators basic power structure and generic
control technique.

harmonic. In Campanhol et al. (2017) it is proposed a grid-connected PV system with a dual
compensating strategy and feedforward control loop, working as a unified PQ conditioner.

However, the necessary implementations bring new challenges that opened up new
research topics, such as detecting (ZENG; LI; SHAO, 2018; ASHRAF; KHAN; CHOI, 2021)
and controlling harmonic currents (SILVA JUNIOR et al., 2019; MISHRA; LAL, 2023) and
limiting current in the system (XAVIER; CUPERTINO; PEREIRA, et al., 2019; ALONSO, A. M.
et al., 2021). Reference Xavier, Cupertino, Pereira, et al. (2019) proposed two current dynamic
saturation techniques for PV inverters during HCS to improve PQ. The open-loop technique is
less susceptible to instability, while the closed-loop has a less complex algorithm, requiring more
computational power.

Additionally to the challenges encountered during implementation, HCS changes some
PV structures’ behavior, such as the dc-link (DE JESUS et al., 2019) and passive filter (DE JESUS
et al., 2021), presenting new research opportunities in this field. de Jesus et al. (2019) discussed
the effect of HCS on the efficiency of maximum power point tracking (MPPT) algorithms in PV
inverters. A mathematical model was developed to relate HCS and the oscillation in the dc-link
capacitor voltage, and simulations and experiments were performed to validate the model. The
results showed that all MPPT strategies experienced a degradation in efficiency due to HCS.
Also, ancillary services such as reactive power and harmonic support cause additional losses
in the switching devices, leading to an increase in their temperature (CALLEGARI; SILVA,
et al., 2019). Since the lifetime of these devices is reduced by to thermal stress (ANURAG;
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YANG; BLAABJERG, 2015; DE BARROS et al., 2018; YUNTING et al., 2020), it is crucial to
analyze the impact caused by multifunctional operation. In Yunting et al. (2020) it is explained
that the thermal stress caused by the power losses of semiconductors and capacitors is a major
contributor to the short lifetime of inverters. Additionally, the provision of ancillary services,
such as reactive power support, may further increase the thermal stress and negatively impact the
lifetime of inverters (CALLEGARI; SILVA, et al., 2019).

1.3 Objectives

1.3.1 Main objective

The primary objective of this thesis is to investigate the impact of HCS on the functioning
of grid-tied PV systems. The study aims to accomplish this by analyzing the effects of HCS
on system operation, specifically examining the operating limits during HCS and their effect
on system losses, as well as exploring how the LCL filter passive elements and dc-link voltage
contribute to these effects. Additionally, the research will identify any variances from normal
system operation and offer guidelines for assessing the operational status of multifunctional PV
systems.

1.3.2 Specific objectives

The following specific objectives will be approached in this work:

1. MI modeling, control, and design: A comprehensive review of renewable generation
systems with HCS capability will be conducted.

2. Defining the MI capability curves: Capability curves define the boundaries within which
the equipment can operate safely. Thus, it is proposed to develop an algorithm to create
MI capability curves based on the inverter’s limits. To validate the proposed algorithm,
simulations will be conducted in PLECS software and experiments will be performed on a
test bench.

3. MI filter design and analysis: This topic proposes the definition and comparison of pas-
sive filter designs for HCS capability based on losses and power density using Pareto
optimization analyses.

4. Grid-connected inverter with ancillary services: Conclusions will be drawn from compar-
isons between a system designed to provide HCS and a system whose only function is
active power injection into the grid.
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1.4 Contributions

The main contributions of this work are expected to expand the understanding of the
topic and provide new solutions and recommendations for future research. In summary the most
important findings, conclusions, and recommendations are:

1. Guidelines to obtain the voltage and current capability curves for PV inverters.

2. Impact of LCL passive elements and dc-link voltage on capability curves.

3. Influence of inductors nonlinearities on PV inverter capability curves.

4. Discussion of resonant control with adjustable proportional gain to mitigate the effects of
inductors saturation in inverter current control.

5. Analysis of current control sensitivity due to the impact of nonlinear inductors.

6. Recommendations for optimal LCL filter component selection based on total system losses
and HCS effects.

To achieve the proposed contributions, this thesis makes use of algorithms developed in
MATLAB environment. These algorithms are responsible for generating the inverter capability
curves. Moreover, electrical and thermal simulations on PLECS environments are used to analyze
the HCS effects on the inverter. Finally, experimental results for the capability curves are obtained
in a representative setup.

1.5 List of publications

From a scientific production point of view, this PhD. resulted in the production of the
following journal articles:

• V. M. Rodrigues de Jesus, A. F. Cupertino, L. S. Xavier, H. A. Pereira and V. F. Mendes,
"Operation Limits of Grid-Tied Photovoltaic Inverters With Harmonic Current Compensa-
tion Based on Capability Curves," in IEEE Transactions on Energy Conversion, vol. 36,
no. 3, pp. 2088-2098, Sept. 2021, doi: 10.1109/TEC.2021.3050312.

• V. M. R. de Jesus, A. F. Cupertino, L. S. Xavier, H. A. Pereira and V. F. Mendes, "Com-
parison of MPPT Strategies in Three-Phase Photovoltaic Inverters Applied for Harmonic
Compensation," in IEEE Transactions on Industry Applications, vol. 55, no. 5, pp. 5141-
5152, Sept.-Oct. 2019, doi: 10.1109/TIA.2019.2927924.
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1.6 Text organization

This PhD. thesis is organized into six chapters. Chapter 1 presents the motivations,
objectives, and methodology of the research. Chapter 2 contains a MI literature review and
discusses the suitable topology selection and implementation for MI application. Chapter 3
defines the MI capability curves and presents an algorithm proposed to determine the limits
of HCS. Chapter 4 examines the impact of nonlinear inductors on the capability curves and
evaluates the control system’s susceptibility to nonlinearities. Chapter 5 discusses the LCL filter
design implications considering HCS capability based on Pareto optimization analysis. Finally,
chapter 6 states the conclusions obtained from this research and a proposal of future development
works.
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2 DG with power quality enhancement

2.1 Classification of multifunctional inverters

MI can be classified into different categories based on its power structure and control
techniques, as described in Teke and Latran (2014). These categories include: power processing
stages; power supply type; inverter topology; control techniques; and detection techniques. As a
result, several MI structures have been discussed in the literature. A comprehensive classification
of MI is presented in Fig. 4.

2.1.1 Power processing stages

MI can be classified based on the number of power structure stages, as reported in
Kjaer, Pedersen, and Blaabjerg (2005), Nema, Nema, and Agnihotri (2011) and Kolantla et al.
(2020). Typically, grid-connected PV systems can consist of either one or two conversion stages.
The one-stage configuration typically utilizes a voltage source inverter (VSI) as its primary
component. In this configuration, the control system typically consists of two loops, with the
first stage responsible for controlling the dc-link voltage and extracting the maximum power, and
the second stage responsible for current control (KJAER; PEDERSEN; BLAABJERG, 2005). A
generic topology of a single-stage system is depicted in Fig. 5-(a).

The two-stage configuration of the PV system consists of an RES and a dc/dc converter,
which serves as the first conversion stage and is used for voltage control and to follow the
maximum power point. The use of step-up converters helps to reduce the number of PV modules
in series in photovoltaic systems (NEMA; NEMA; AGNIHOTRI, 2011), thus supplying the
necessary voltage to the inverter and preventing it from operating in overmodulation. The second
conversion stage enables the conversion of power to sinusoidal voltage and current. A generic
topology of a two-stage system is depicted in Fig. 5-(b). The two-stage configuration is widely
used because it has simple control structures that operate independently (KOLANTLA et al.,
2020).

2.1.2 Inverter topology

The industrial sector loads often consist of a combination of single-phase and three-
phase systems, supplied by 4-wire three-phase grids. These ac-powered loads can be classified
based on their power supply circuit (KJAER; PEDERSEN; BLAABJERG, 2005; NEMA;
NEMA; AGNIHOTRI, 2011; KOLANTLA et al., 2020). Single-phase or three-phase MI systems
can provide ancillary services. However, the existence of single-phase/two-phase loads in the
distribution system can lead to load voltage asymmetries and neutral wire zero-sequence current
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formation (WANG; DUARTE; HENDRIX, 2011). These problems can be mitigated by three-
phase MI systems with a neutral wire (four-wire systems) (MA; ELLINGER; PETZOLDT,
2011). Three-phase systems also provide unbalance mitigation capabilities (ALI et al., 2019).

In the literature, there are reports of single-phase systems employed for PQ improvement
using various topologies (PEREIRA et al., 2019). Single-phase systems typically have low
capacities, with power ranging from 0.5 to 10 kW. The two-wire configuration of an H-bridge
inverter is the most commonly used single-phase configuration for PQ disturbance support
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(TEKE; LATRAN, 2014; MORTEZAEI et al., 2015; ANTUNES; SILVA, et al., 2018; PEREIRA
et al., 2019). Fig. 6-(a) depicts the single-phase topology with a full-bridge inverter. The authors
in T. Wu et al. (2007) propose a two-wire single-phase inverter composed of a half-bridge, which
has PQ enhancement capabilities and can inject power from the PV system while providing
ancillary services to the grid. The main advantage of the half-bridge system is its reduced cost,
achieved through the use of half the switches compared to the full-bridge inverter. However,
the topology presents challenges, such as balancing the capacitors voltage. Fig. 6-(b) shows the
half-bridge topology diagram.

In the study conducted by Picard, Sgro, and Gioffre (2012), the authors propose a grid-
tied single-phase inverter system with a unique stage composed of a four-leg inverter. The system
includes both a full bridge inverter and a low-power, high-frequency auxiliary inverter connected
by a high-frequency transformer and passive filter. This arrangement enables the system to
perform active filtering functions. The diagram of the proposed topology is presented in Fig.
7-(a).

Additionally, the authors in Antunes, Silva, et al. (2018) propose a MI inverter based on
a series compensator. This inverter is designed to switch between series and parallel connections,
depending on the system conditions, via the use of circuit breakers (S) and bidirectional switches
(SS). This topology provides the ability to perform multiple functions for voltage and current
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disturbances, including voltage regulation during sags and swells, as well as reactive power
support, harmonics reduction, and current unbalance correction. The diagram of the half-bridge
topology is presented in Fig. 7-(b).

Three-phase MI inverters have a high capacity for injecting power into the grid, usually
greater than 10 kW. The most common topology used for MI is the three-phase three-wire VSI
system (MOUSAVI et al., 2018; DASH; SWAIN, 2018). The advantages of the VSI system
include lower volume, reduced cost, and flexibility in control when compared to other topologies
(SOLATIALKARAN; KHAJEH; ZARE, 2021). Fig. 8-(a) shows the diagram of a three-phase
inverter.

The authors in Dasgupta et al. (2013) propose a three-phase three-wire two-leg inverter
with the capability of providing reactive power support. In this topology, one phase is connected
at the midpoint between the dc-link capacitors. The main advantage of the two-leg configuration
is the reduction in the number of switching devices. However, voltage variations across the two
dc-link capacitors may occur (BLAABJERG; NEACSU; PEDERSEN, 1999), and more reliable
modulation techniques are required (NGUYEN; LEE; NGUYEN, 2010). Fig. 8-(b) illustrates
the four-switch topology.

In the literature, there are different topologies for 4-wire three-phase MI systems, such
as the split capacitor and 4-leg inverter (TEKE; LATRAN, 2014). The 4-leg inverter is a frequent
choice as it compensates neutral current with only two additional switches. While the 4-leg
topology requires two more switches, which can increase the overall switching losses, the main
disadvantage of the split capacitor topology is the expensive and large capacitor, as well as the
additional control loop required to achieve equal voltage sharing between the split capacitors
(KIM et al., 2021). Fig. 9 shows both topologies for inverters with a neutral wire.

MI can be classified based on the dc/ac structure used for conversion. In the literature,
three configurations have been presented for use in multifunctional systems: the current source
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inverter (CSI) (LIU; WANG, et al., 2021), the VSI (ALONSO, A. M. d. S. et al., 2020), and the
Z-source inverter (ZSI) (DIVYA; RAJ; MANIRAJ, 2017).

The CSI topology is shown in Fig. 10-(a). The first option is the CSI, which uses an
inductor in the dc-link to provide the inverter with a constant current source. This configuration
acts as a boost inverter, facilitating the matching of grid voltages without the need for an
additional conversion stage (SAEED; IBRAR; SAEED, 2017). In this topology, it is necessary
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to implement overlapping switch gate signals during the commutation process to prevent voltage
spikes caused by the intermittent dc current (HANIF; BASU; GAUGHAN, 2011; GENG et al.,
2018). A distributed system based on a CSI with advanced active filter functionalities is presented
in (GEURY; PINTO; GYSELINCK, 2015).

The VSI topology is depicted in Fig. 10-(b). The most studied inverter structure in the
literature is the VSI (BASTIDAS-RODRIGUEZ; RAMOS-PAJA, 2017). The dc-link in this
structure functions as a voltage source, utilizing a capacitor. Typically, synthesized voltages
with lower amplitudes than the available dc-link voltage are used in the VSI (SAEED; IBRAR;
SAEED, 2017). This issue can be addressed by incorporating a dc/dc step-up converter in parallel
with the capacitor (FLORESCU et al., 2010). To prevent the occurrence of shoot-through, which
refers to the simultaneous turn-on of two adjacent switches, it is important to exercise caution
and take measures to avoid high current flow through the semiconductor devices. Such measures
may include adding dead time to the gate driver or through algorithmic implementation (HANIF;
BASU; GAUGHAN, 2011; GENG et al., 2018).

The ZSI topology is illustrated in Fig. 10-(c). The ZSI topology, which can function
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as both a voltage and current source dc-link (GAJANAYAKE; VILATHGAMUWA; LOH;
BLAABJERG, et al., 2007), utilizes a different passive element structure in the dc link consisting
of two capacitors and two inductors. This structure has a larger volume due to the high number of
passive elements. A PV system capable of providing ancillary services using a Z source converter
is presented in Gajanayake, Vilathgamuwa, Loh, Teodorescu, et al. (2009).

2.1.3 Control techniques

Despite many advantages of MI, there are some control challenges associated with
their implementation. Further control structures must be added due to the multiple frequencies
present in the current reference (XAVIER; CUPERTINO; DE RESENDE, et al., 2017). The
majority of VSI applications feature a control structure that includes an internal current feedback
loop (ANTUNES; SILVA, et al., 2018; SAFA et al., 2018; NADERI et al., 2019; ALONSO,
A. M. d. S. et al., 2020). This current control mode is preferred due to its ability to soften the
current dynamic behavior and provide high accuracy in controlling the waveform of instantaneous
currents (KAZMIERKOWSKI; MALESANI, 1998). In the literature, several controllers have
been used for MI systems. In Liu, Caldognetto, and Buso (2020) authors offers a comprehensive
review of various control strategies for grid-tied inverters utilized in microgrids, which are
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crucial for integrating renewable energy sources and energy storage systems into low-voltage
power distribution systems. The controllers can be classified into six categories (ZEB et al.,
2018): linear control, nonlinear control, robust control, adaptive control, predictive control, and
intelligent control.

• Linear control: Control based on linear systems functioning and dynamics. Linear systems
are those that follows the superposition principle. The two main linear controllers used in
multifunctional operation are the classic proportional - integral - derivative (PID) action
and the proportional resonant (PR) controller (MISHRA; LAL, 2023).

• Nonlinear control: Nonlinearities are present in all real systems to some degree, and
nonlinear control can often provide better performance than linear control (SRINIVAS
et al., 2018). However, nonlinear controllers are generally more complex to implement.
One common type of nonlinear controller used for MI is the hysteresis controller (SHAH
et al., 2019).

• Robust control: Type of controllers that deal very well with uncertainties around the plant
model representation. In other words, even if the model has errors, the controller is able
to guarantee stability and good performance. H-∞ control is a good example of robust
controllers used for MI (MOHAMMADI et al., 2022).

• Adaptive control: It is a form of control that adapts to the system necessities due to
modeling errors/uncertainties or system parametric variation. Different from robust control,
adaptive control does not require system parameters variations limits, however, this control
requires a high computational burden (ESPI et al., 2011; ZEB et al., 2018).

• Predictive control: Uses future information based on the system model to optimize the
control action. In some cases it is easy to implement, like the classic controllers, but it
requires a lot of processing due to the amount of calculations (BUSO; CALDOGNETTO;
BRANDAO, 2016; BUSO; CALDOGNETTO; LIU, 2019).

• Intelligent control: Control strategies that adopt some computational intelligence technique.
Neural network, and Fuzzy controllers are constantly found in the literature (SINGH;
CHANDRA, 2011; ANTUNES; SILVA, et al., 2018; DASH; SWAIN, 2018; SUN et al.,
2019).

Control structures can be implemented in one of three coordinate frames: abc (SRINIVAS
et al., 2018), stationary (αβ) (PEREIRA et al., 2019), or synchronous (dq) (HAMROUNI;
YOUNSI; JRAIDI, 2019). In the literature the utilization of the abc reference frame for current
control has been widely studied. Distinct strategies have been proposed for implementing current
control in the abc frame that can involve the use of a separate controller for each phase (MIVEH
et al., 2016) or that involves the use of only two controllers through a chosen decoupling method
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(COSTA et al., 2021). The latter approach is favored due to its reduced computational demands.
PI, PR and nonlinear controllers such as hysteresis or deadbeat controllers are used for current
control in abc reference frame (ZEB et al., 2018). Fig. 11-(a) shows a generic current control in
the natural reference frame. In (SRINIVAS et al., 2018), the authors propose a grid-connected
photovoltaic inverter with the capability to compensate for harmonic and imbalanced currents.
The control is carried out in the abc natural reference frame using a hysteresis controller.

In the αβ control, the currents are transformed to the stationary frame using the Clarke
transform. This type of control has the advantage of simplifying the three-phase circuit into
a two-phase oscillating system. Resonant controllers are commonly used to control the αβ

coordinates (PEREIRA et al., 2019) as they exhibit a high current gain close to the resonant
frequency, high dynamic performance, and minimal error in steady state (YEPES et al., 2011).
Fig. 11-(b) shows a generic current control in the stationary frame.

In the dq control, voltages and currents are transformed to the synchronous reference
frame using the Park transform. This transformation decouples the currents into two components:
active (id) and reactive (iq). The advantage of the synchronous coordinate system is that the
controlled signals of the fundamental frequency components are continuous for balanced systems.
Fig. 11-(c) shows a generic current control in the synchronous reference frame.

In Ali et al. (2019), the authors propose a control technique for a three-phase inverter
that allows for compensation of unbalance, harmonics, and dc currents. The control consists
of a sequence analyzer that divides the load current into four components (positive, negative,
harmonic, and dc), and decouples these components so that a PI controller can be used in the
synchronous reference frame. In Mousavi et al. (2018), the authors implement a grid-connected
DG with coordinated current support and voltage support. The voltage support is achieved
through the injection of reactive power into the grid, and the harmonic support is achieved
through the implementation of a virtual impedance at the specific harmonic frequency. The
control is performed in the stationary frame, and a resonant proportional controller is used.

In Singh, Khadkikar, et al. (2011), the authors present a control technique for a 4-
wire three-phase inverter that has PQ improvement capability. The technique uses a four-leg
topology and a hysteresis current control, which allows the compensation of neutral currents
and the creation of a balanced current flow from the grid to the load. In Fei Li et al. (2011),
the same topology as in Singh, Khadkikar, et al. (2011) is used, and a new form of control
with ancillary service capability is proposed. The reference generator, which operates in the
synchronous reference frame, separates the measured load current into positive and negative
sequences, enabling independent injection of active power and reactive support. The control uses
a multi-resonant proportional controller to control the current injected into the grid. In Boukezata
et al. (2016), a predictive control based on the discrete model of the system is proposed. This
control takes into account the controlled variables’ behavior for all VSI switching states and the
operating cost as required by the grid.
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Each reference frame has its own advantages and disadvantages, and the choice of
a particular reference frame may depend on the specific requirements and constraints of the
system. In Timbus et al. (2009) the authors examines the performance of various linear current
controllers. The evaluation of the controllers is conducted under two operating conditions, steady-
state, where the contribution of the controllers to the total harmonic distortion of the grid current
is analyzed, and transient conditions, such as input power variations and grid voltage faults.
Results indicate that while all controllers exhibit satisfactory behavior in all conditions, the
deadbeat controller in abc frame proves to be superior in the case of grid faults. The authors in
Costa et al. (2021) perform a quantitative comparison based on mathematical models of grid
disturbances, computational effort, and steady-state and transient performance evaluation using
experimental results. Results showed that the abc frame has lower computational effort and
similar performance compared to the other two frames.

2.1.4 Harmonic detection techniques

One challenge in the implementation of the MI is accurate current detection. Various
techniques, both in the time and frequency domains, have been proposed to decompose the signal
accurately (JANPONG; AREERAK; AREERAK, 2021). These include: pq theory (WATANABE;
AKAGI; AREDES, 2008), conservative power theory (TENTI; MATTAVELLI; MORALES
PAREDES, 2010), discrete Fourier transform (SOLOMON, 1994), sliding window Fourier
analysis (CHEN et al., 2020), synchronous reference frame (LI, X. et al., 2015), dq axis with
Fourier transform (SUJITJORN; AREERAK; KULWORAWANICHPONG, 2007), adaptive
notch filters (YAZDANI; BAKHSHAI, et al., 2009), and Kalman filter (WANG; LIU, 2015).

In Watanabe, Akagi, and Aredes (2008), the authors present a strategy based on the
instantaneous power theory (IPT) for separating the current into two components, oscillating
and average. Fig. 12-(a) illustrates the IPT block diagram. The calculations are carried out in the
stationary reference frame and are based on the following equations:

 p

q

 =
 vα vβ

−vβ vα

  iα

iβ

 . (2.1)

In a three-phase system, the instantaneous values of active power (p) and reactive power
(q) contain both dc and ac components (depending on the system’s active, reactive, and distortion
powers). The average values of p and q represent the active (p̄) and reactive (q̄) load power,
which can be removed by using a high-pass filter (HPF). The ac components (p̃ and q̃) represent
the harmonic distortion present in the load current. Finally, the oscillating components are
transformed back to the stationary reference frame using:
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In Takeda et al. (1988), Asiminoaei, Blaabjerg, and Hansen (2005), and Sujitjorn, Areerak,
and Kulworawanichpong (2007), a detection technique based on the Park transformation’s space
vector in the synchronous reference frame is presented. The technique utilizes the fundamental
current angular frequency in the rotating frame, where the fundamental frequency current
appears as dc quantities and the harmonic current content appears as ac signals. To extract the
compensated harmonic currents, a HPF is used to remove the dc current portion. Fig. 12-(b)
presents the diagram of the synchronous reference frame approach.

In Pereira et al. (2019), a flexible HCS strategy is proposed for both single-phase and
three-phase inverters. The strategy is based on a Second-Order Generalized Integrator (SOGI)
coupled with a PLL (Phase-Locked Loop) that detects the most significant harmonic current.
A cascade structure that detects the ’n’ largest harmonic components for compensation is also
presented. Fig. 12-(c) presents the cascaded SOGI-PLL schematic.
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Furthermore, specific techniques for detecting harmonic components in the frequency
domain are utilized, which are typically based on Fourier analysis, adapted to reduce the number
of calculations required, thereby enabling real-time implementation in DSPs. As presented
in Sujitjorn, Areerak, and Kulworawanichpong (2007), a harmonic detection technique that
combines the synchronous reference frame with sliding window Fourier analysis was proposed.
The results indicated that the combined method has equivalent performance in terms of HCS when
compared to sliding window Fourier analysis. However, it demonstrates superior performance in
terms of phase balancing.

In Mortezaei et al. (2015), a control strategy for a grid-connected multilevel inverter
with ancillary services capability was proposed. The control strategy employed the conservative
power theory (CPT) to decompose signals through hierarchical control, allowing for selective
HCS of decomposed quantities. The CPT presented in Tenti, Mattavelli, and Morales Paredes
(2010) promotes a time-domain technique that allows for current decomposition, where all terms
have physical meaning and are orthogonal to each other. In a polyphase system, these terms
include:

• Balanced active current (ib
a): constant active power conversion;

• Balanced reactive current (ib
r): energy storage associated with capacitors and inductors;

• Unbalance active (iu
a) and reactive (ir

r) currents: different values of conductance and
reactivity per phase;

• Void current (iv): is related with the nonlinearity between voltage and current.

The techniques can be characterized and evaluated based on several factors, including
necessary measurements, dynamics, steady-state accuracy, selective HCS, single- and three-phase
applications, computational consumption time, and others (ANTUNES; XAVIER, et al., 2017).
The selection of a detection technique must strike a balance between the desired features. Reports
indicate that no single technique excels in all aspects (LV et al., 2020; JANPONG; AREERAK;
AREERAK, 2021).

2.2 Passive Filters

Passive filters are employed to integrate the photovoltaic system into the PCC, reducing
high-frequency harmonics generated by inverter switching. These harmonics, if not properly
managed, can flow into the power system and potentially violate recommendations and standards
that dictate acceptable levels of harmonic currents in the grid (SOLATIALKARAN; KHAJEH;
ZARE, 2021). Therefore, an effective filter design is crucial to mitigate the harmonic injection
into the grid. There are several passive filter topologies reported in the literature, including L
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filters (PAUKNER et al., 2015), LC filters (AZRI; ABD RAHIM, 2011), LCL filters (PENA-
ALZOLA; LISERRE; BLAABJERG; ORDONEZ, et al., 2014), and LLCL filters (WU, W. et al.,
2014). The various passive filter topologies are depicted in Fig. 13.

Source: Own authorship.

dc

ac

Grid C

L

dc

ac
L

C

dc

ac

L L

Grid

Grid
C

dc

ac

L L

Grid
L

C

dc

ac

L L

Grid
L

C

L

(a) (b)

(c) (d)

(e)

Figure 13 – Control structure: (a) L filter; (b) LC filter; (c) LCL filter; (d) LLCL filter; and (e)
multi-branch filter.

Initially, first-order simple L filters were introduced as a solution for reducing current
ripples and harmonics (SOLATIALKARAN; KHAJEH; ZARE, 2021). Although L filters are
effective in these regards, they entail significant power losses and voltage drops due to the need
for large inductors to comply with strict grid standards (BERES et al., 2016). Additionally, the use
of bulky inductors can negatively impact control dynamic performance (GOMES; CUPERTINO;
PEREIRA, 2018). To address these challenges, higher-order filters have been employed.

The LC filter, a second-order filter, offers improved harmonic reduction with reduced
inductance values (BUYUK et al., 2016). However, the shunt capacitor added in this topology can
be subjected to high currents from line voltage harmonics. Additionally, a resonance frequency
that couples with the grid impedance may amplify high-order harmonic currents (GOMES;
CUPERTINO; PEREIRA, 2018).

The LCL filter depicted in Fig. 13 (c) is a third-order filter that offers exceptional
current ripple attenuation with lower inductance values, as stated in (SOLATIALKARAN;
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KHAJEH; ZARE, 2021). Unlike LC filters, the LCL filter capacitor is not subjected to line
voltage harmonics (ALAMRI; ALHARBI, 2020). Compared to L and LC filters, LCL filters
boast several improvements such as a lower volume, faster dynamic response, less susceptibility
to grid impedance variation, reduced voltage drop, and enhanced attenuation ratio, as noted in
Gomes, Cupertino, and Pereira (2018). However, some drawbacks of high-order passive filters
like the LCL filter are intrinsic resonance peaks and higher system complexity when compared
to lower order filters (GOMES; CUPERTINO; PEREIRA, 2018). These challenges result in
control difficulties, such as instability in the control system and resonance between the grid and
the inverter (SOLATIALKARAN; KHAJEH; ZARE, 2021).

Recently, more complex topologies have been proposed in the literature, including the
LLCL filter. The LLCL filter provides improved harmonic attenuation at the switching frequency
and a reduction in the total filter volume compared to the LCL filter (BUYUK et al., 2016). This
topology is based on the insertion of an inductor in the LCL filter capacitor’s branch, forming
a series resonant circuit tuned at the switching frequency. One drawback of this topology is
lower attenuation starting at frequencies close to twice the switching frequency, as reported in
(GOMES; CUPERTINO; PEREIRA, 2018). However, this issue can be partially addressed by
adding multiple series resonant branches as needed (BUYUK et al., 2016). Fig. 13 (d) and (e)
depict the LLCL topology and the multi-branch topology, respectively.

Higher-order filters exhibit a resonance frequency, which may cause instability in the
closed-loop system, as reported in Zhang et al. (2014). Numerous solutions to this problem
have been proposed in the literature, including passive and active solutions (WU, W. et al.,
2014). Passive damping involves the insertion of passive elements into the filter to reduce the
system’s resonant peak. In (PENA-ALZOLA; LISERRE; BLAABJERG; SEBASTIAN, et al.,
2013), a tuning method for a series resistor in the capacitor branch is proposed. This passive
damping tuning method can maintain control stability without compromising filter effectiveness.
Active damping methods consist of modifications to control strategies to provide closed-loop
damping (ZHANG et al., 2014). Active techniques are preferred as they avoid extra losses in
passive components. However, active damping results in a more complex control system and
may require additional sensors (BUYUK et al., 2016). In Twining and Holmes (2003) and Pena-
Alzola, Liserre, Blaabjerg, Ordonez, et al. (2014), an LCL filter design with a robust multi-loop
active damping technique based on capacitor current feedback is presented, using a proportional
controller (kc). Fig. 14 (a), and (b) and (c) illustrate passive and active damping techniques,
respectively.

2.3 MI Design

In this section, it is explored the decision-making process behind the selection of a
specific power electronics topology and control strategies for the implemented system. Each
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decision has been thoroughly considered and designed to enhance the overall functionality,
and effectiveness of the system. In this work, it is adopted a three-phase single-stage topology,
wherein a single interfacing inverter performs various functions, including maintaining the
dc-link voltage at the level estimated by the MPPT algorithm, HCS, and injecting power into the
grid.

The system comprises of a PV array, a dc-link capacitor, a VSI, and a LCL filter. It
is worth mentioning that the investigation conducted in this thesis is equally applicable to a
two-stage system that employs a VSI since the research is primarily focused on the grid-side.
The VSI type is selected because it is the most extensively studied type of inverter, as mentioned
previously. Additionally, the selection of the single-stage three-phase topology is based not only



Chapter 2. DG with power quality enhancement 48

on the power range requirements but also on the specific focus of this work’s study, which is
the grid-side. This topology aligns well with the research objectives and allows for a detailed
analysis of grid-related performance.

The necessity for efficient harmonic mitigation and enhanced filtering performance led to
the choice to include an LCL filter. Compared to other filter topologies, LCL filters provide better
high-frequency harmonic attenuation and lower volume. Therefore, a LCL filter is employed
to interface the system to the PCC and reduce high-frequency harmonics resulting from the
inverter switching. The parameters of the LCL filter were determined based on the methodology
proposed in Pena-Alzola, Liserre, Blaabjerg, Ordonez, et al. (2014), as described in Appendix B.
Fig. 15 depicts the PV system topology under investigation in this work.

Source: Own authorship.
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Figure 15 – Three-phase grid-connected photovoltaic system with output LCL filter.

The control strategy adopted is implemented in the stationary reference frame where
it is employed a two-loop approach, with the inner loop control based on the measurement of
grid-side current and the outer loop, responsible for the dc-link control, based on the V 2

dc control
as described in Yazdani and Iravani (2010). The parameters of the PV inverter are presented
in Table 3, and the complete control structure is depicted in Fig. 16. The chosen parameters
are defined to enable a proof of concept that takes into account the availability and restrictions
encountered during the execution of this work.

The inner loop control regulates the current injected into the grid. The fundamental
current references, i′

Sα and i′
Sβ , are computed using the IPT based on the active (P ∗) and reactive

(Q∗) power references, as follows:

 i′
Sα

i′
Sβ

 = 1
v2

α + v2
β

 vα vβ

vβ −vα

  P ∗

Q∗

 . (2.3)

When HCS is applied, the current reference of the inverter includes one or more harmonic
components. In such scenarios, conventional control techniques using PI controllers are not
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Table 3 – System Parameters.

Parameter Value

Grid voltage (line to line) (vg) 220 V
Grid frequency (fn) 60 Hz
Maximum power (Pmax) 5 kW
Inverter rated current (Im) 13.12 A
Switching frequency (fs) 12 kHz
Filter inductances (Lf , Lg) 2.0 mH
Filter resistance (Rf , Rg) 128.6 mΩ
Filter capacitance (Cf ) 20 µF
Damping resistor (Rd) 3.53 Ω
dc-link voltage (Vdc) 370 V
Base power (Sb) 5 kW
Base voltage (Vb) 220 V
Base current (Ib) 13.12 A

Source: Own authorship.
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Figure 16 – Complete control structure.

suitable, as they exhibit some limitations such as the inability to follow non-sinusoidal references
without steady-state error and limited disturbance rejection capacity at variable frequencies, as
described in Yepes et al. (2011). To overcome these deficiencies, a resonant controller is utilized.

The current control is based on a Proportional Multi Resonant (PMR) controller, which
comprises of a proportional controller and one or more resonant controllers, with one of the
resonant controllers tuned to the fundamental frequency and the others tuned to the harmonic
frequencies.

The PMR transfer function is given by:
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Gc(s) = kp +
Ø

h

GR(s). (2.4)

where kp is the proportional gain and GR(s) is a resonant controller for each harmonic order h.

GR(s) =
Ø

h

kih
s

s2 + h2ω2
f

. (2.5)

where kih is the integral gain tuned at the harmonic order h and ωf is the fundamental frequency.
kp and kih can be tuned as proposed in (YEPES et al., 2011).

The harmonic detection technique proposed in Watanabe, Akagi, and Aredes (2008) and
described in Section 2.1.4 is employed in this work. The adoption of the instantaneous power
theory for system control is driven by its ability to extract active, reactive, and harmonic powers
on a cycle-by-cycle basis, enabling effective HCS. The chosen control reference frame, which
offers a proper foundation for putting the necessary control techniques into practice, also has an
impact on the choice of this detection technique. The fundamental components of the current are
combined with the oscillating components, ĩLα and ĩLβ , to generate the reference current for the
inverter, i∗

Sα and i∗
Sβ . Finally, the controller calculates the inverter modulation index (v∗

abc) and
applies the Space Vector Pulse Width Modulation (SVPWM) algorithm to set the switch pulses
of the inverter.

2.4 Chapter Conclusions

The decision to implement a three-phase single-stage system in this work emerged from a
thorough analysis of the existing literature, technical considerations, and personal preference. The
chosen configuration is considered appropriate for the study’s objectives as it offers compatibility
with a substantial part of existing research found in the literature. It is important to note that
while the chosen three-phase single-stage system holds promise, this decision does not imply
superiority over other topologies or control structures. The selected systems for examination will
enable us to further investigate their performance characteristics, evaluate their effectiveness in
addressing HCS, and explore potential improvements or enhancements. The subsequent chapters
of the thesis will employ the described PV inverter topology to examine and assess the impact of
HCS.
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3 Operation Limits of Grid-Tied PV In-
verters with HCS

The utilization of passive filters in the integration of PV systems with the power grid
serves to mitigate high-frequency harmonics generated by the switching frequency of the con-
verter (GOMES; CUPERTINO; PEREIRA, 2018). These filters must adhere to well-defined
design specifications, including reactive absorption, voltage drop in inductive elements, total
harmonic distortion (THD), and losses, among others (BERES et al., 2016; BUYUK et al.,
2016; GOMES; CUPERTINO; PEREIRA, 2018). However, during multifunctional operation,
the impact of HCS on these specifications can pose challenges. In particular, the voltage drop in
passive filters may hinder the PV inverter’s ability to compensate for nonlinear loads harmonic
currents.

The design of the passive filter must account for two factors: limitations on the inverter
current and restrictions imposed by the dc-link voltage. It is important to note that in this chapter,
it is assumed the use of an ideal inductor, meaning that it is not consider nonlinear effects such
as saturation and hysteresis that can occur in real-world inductors. However, in the next chapter,
it is consider these effects and evaluate their impact on the capability curves.

It is imperative to ensure that the control strategy is appropriately designed to compensate
the desired harmonic orders. A wide enough control bandwidth is necessary to cover the frequen-
cies being controlled, as indicated by Liserre, Teodorescu, and Blaabjerg (2006). If the control
bandwidth is not sufficient, instability may occur. Furthermore, according to Pena-Alzola, Liserre,
Blaabjerg, Ordonez, et al. (2014), the resonance frequency of the filter should be positioned
halfway between the control bandwidth and the switching frequency.

3.1 Limit imposed on the inverter rated current

The thermal stress on semiconductors is a crucial aspect to be taken into account during
the design and operation of PV systems. It can negatively impact the performance and reliability
of the semiconductor devices used in the system (ANDRESEN; LISERRE, 2014). This stress is
caused by the heating of the devices due to electrical resistance and switching losses, leading to
increased power loss and reduced efficiency (NOVAK; SANGWONGWANICH; BLAABJERG,
2021). The extent of thermal stress depends on various factors such as operating conditions,
cooling system design, and thermal conductivity of the semiconductor materials (INFINEON,
2020).

In this thesis, the focus is on the impact of the current flowing through the semiconductors
on the thermal stress in PV inverters, with the assumption that the other factors such as cooling
system design, and material properties remain constant. Therefore, the current limitation is
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important for the PV inverter safe operation. In MI, the synthesized current injected into the grid
is given by:

iS(t) =
+∞Ø
h=1

ISh cos(hωf t + δIh), (3.1)

where h is the harmonic order, ωf is the angular fundamental frequency, ISh is the current
magnitude and δIh is the current phase angle of the harmonic order h.

de Barros et al. (2018) present an analysis of the effect of HCS on the lifetime of a
single-phase PV MI. The study considered the mission profile of harmonic current, irradiance
and temperature to obtain a realistic estimation of the power losses and thermal stress on the
semiconductors. The results show that the lifetime of the PV inverter depends on the harmonic
order, phase angle, and amplitude.

Fig. 17 provides an illustration of the effects of different phase angles in the harmonic
current. In this case, a 5th harmonic current with an amplitude equal to 0.15 pu was added to
a fundamental (60 Hz) waveform with an amplitude of 1 pu. In Fig. 17 - (a), the 5th harmonic
current has a 0º phase angle and the sum of these components results in a waveform with a peak
value of 1.15 pu (ÎS). However, in Fig. 17 - (b), the 5th harmonic current has a phase angle of
180º, resulting in a peak value of 1 pu.

In summary, the presence of harmonics in the current flowing through the semiconductor
devices in a VSI-type inverter can have impact on the losses in the system. Thus, it is imperative to
ensure that both the average losses and the maximum stresses experienced by the semiconductors
do not exceed their nominal values.

To preserve the integrity of the components the following restrictions must be ensured:


ÎS ≤ Im

Irms <
ñ

Irms1
2 + Irms3

2 + ...Irmsn
2

, (3.2)

where ÎS is the peak value of Eq. (3.1), Irms is the nominal rms value of the inverter and Irmsx is
the harmonic rms current of orders x = 1, 3, 5n..., n.

In this way, it is possible to ensure that the stress experienced by the semiconductors
during HCS operation does not exceed that of the inverter’s normal operation.

3.2 Limit imposed on the dc-link voltage

In this section, the assumption is made that the control possesses sufficient bandwidth to
compensate the intended harmonic orders. Furthermore, the analysis is based on a balanced and
symmetric three-phase system, and thus a per-phase analysis is conducted.
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Source: Own authorship.
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Figure 17 – Effect of different angles in the harmonic current. (a) IS1 = 1 pu, δI1 = 0◦, IS5 =
0.15 pu and δI5 = 0◦. (b) IS1 = 1 pu, δI1 = 0◦, IS5 = 0.15 pu and δI5 = 180◦.

The provision of HCS, may result in the inverter operating in the nonlinear region of
modulation and injecting low-order harmonics into the grid (ADIB; LAMB; MIRAFZAL, 2019).
Thus, an assessment of the required dc-link voltage for synthesizing the harmonic current is
imperative to ensure that the photovoltaic inverter is operating in the linear region of modulation.
Fig. 18 displays the equivalent LCL filter model per phase. The variables in the figure include:
vS , which represents the synthesized line-to-neutral voltage of the inverter; vgj , which represents
the grid line-to-neutral voltage; vC , which represents the capacitor voltage; Zf = Rf + jXf ,
Zg = Rg + jXg, and Zc = −jXc are the filter impedances; Rd represents the damping resistor;
Zgrid represents the grid impedance; iL and ig represent the load and grid currents, respectively.

The synthesized voltage (vS) is derived from the application of the superposition the-
orem and is a function of the magnitude and phase angle of the output current (ISh and δIh,
respectively), the harmonic order (h = 1, 2, 3...), the impedance of the LCL filter evaluated at
the harmonic frequencies (ZLCL(hωf )), and the voltage at the PCC.

In order to determine the voltage drop across the LCL filter, it is crucial to comprehend
the behavior of the filter during harmonic currents. As demonstrated in Fig. 18, the following
transfer function can be derived:



Chapter 3. Operation Limits of Grid-Tied PV Inverters with HCS 54

Source: Own authorship.
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Figure 18 – Equivalent LCL filter circuit per phase.

ZLCL(s) = VS(s)
iS(s) = as3 + bs2 + cs + Rf + Rg

sCfRd + 1 , (3.3)

where a = CfLfLg, b = Cf [Lf (Rd + Rg) + Lg(Rd + Rf )] and c = [Lf + Lg + Cf (RfRd +
RfRg + RdRg)].

The transfer function derived provides an expression for the output voltage as a function
of the output current. The Bode diagram of the transfer function, as described in Eq. (3.3), is
depicted in Fig. 19 and is based on the parameters listed in Table 3 presented in Chapter 2.

Source: Own authorship.
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Rd = 1.8Ω, C = 20µF and fres = 1.125kHz).

A resonant frequency (fres) arises as a result of the characteristics of the LCL filter. As
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depicted in Fig. 19, the impedance of the filter increases with frequency, due to its inductive
component. Conversely, at lower frequency values, the impedance of the capacitor branch
dominates, leading to behavior that resembles that of an L filter. To confirm and support this
observation from an analytical perspective, the Padé approximant is utilized to obtain the low-
frequency model of the transfer function described in Eq. (3.3).

The Padé approximant p(n,m)(x) to an analytic function f(x) is a rational function p(x)
q(x) ,

where p(x) is a polynomial of degree n and q(x) is a polynomial of degree m (YANG et al.,
2005). The Padé approximant has the same Taylor series expansion as f(x) (YANG et al.,
2005; GOMES; CUPERTINO; PEREIRA, 2018). Thus, the low-frequency approximation of the
transfer function, taking into account the Padé approximant, is given by:

ZLCL(s)|ω≪ωres = s(Lf + Lg − CfR2
g) + Rf + Rg. (3.4)

Since CfR2
g ≪ Lf + Lg,

ZLCL(s)|ω≪ωres ≈ s(Lf + Lg) + Rf + Rg. (3.5)

Fig. 19 depicts the LCL filter with a damping resistor and its approximation using the
Padé method. The results in Fig. 19 demonstrate that the approximation is highly accurate for
frequencies one decade below the resonance frequency.

Additionally, the authors in Liserre, Blaabjerg, and Hansen (2001) have concluded that
the resonance frequency must lie within a certain range to prevent resonant issues in both the
lower and upper regions of the harmonic spectrum, as follows:

10fn ≤ fres ≤ 0.5fs, (3.6)

where fresn is the grid frequency, fres is the filter resonance frequency and fs is the switching
frequency.

It is assumed that the resonance frequency falls within the arithmetic mean of the upper
and lower boundaries defined in Eq. 3.6. Additionally, when the switching frequency is expressed
as a function of the fundamental frequency, and the resonance frequency is allocated one decade
above the desired harmonic order, the following expression results:

10hfn = 10fn + 0.5nsfn

2 , (3.7)

where ns is the ratio between the switching and the fundamental frequency. Therefore,
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h = floor
3

ns + 20
40

4
. (3.8)

At a switching frequency of 12 kHz (ns = 200), the results obtained from Eq. (3.8)
indicate that the approximation provides good accuracy for the first five harmonic current
components. Furthermore, it is crucial to ensure the availability of a minimum dc-link voltage
value to facilitate power injection into the grid and HCS. This minimum voltage value is crucial
to guarantee that the modulation operates within the linear region and is given by:

vSh∠δV h = VP CCh + ZLCL(hωf )ISh∠δIh. (3.9)

where VP CCh is the PCC voltage for the harmonic order h. Its phase is assumed to be zero.

Based on the superposition theorem, the required voltage to HC is:

vS(t) =
+∞Ø
h=1

Vsh cos(hωf t + δvh). (3.10)

Therefore, the minimum dc-link voltage is given by:

Vdcmin
= 2V̂S

m
(3.11)

where V̂S = max(vS(t)) is the synthesized peak voltage and mi is the modulation index
(0 < mi < 1 to sinusoidal pulse width modulation (SPWM), 0 < mi < 1.15 to space vector
PWM (SVPWM)).

Therefore, in order to ensure operation within the linear region of the modulation, the
dc-link voltage must be maintained above the threshold value of 2V̂S

m
. This value represents the

limit imposed by the dc-link voltage.

3.3 Capability curves

The capability curves of a grid-tied inverter define the operating limits of the system,
based on its parameters. The methodology for generating the capability curves, which is based
on the equations described in Section 3.2, is outlined in this section.

As shown by Eq. (3.9), the peak voltage synthesized by the inverter is dependent on
various factors, including the grid voltage, the injected current amplitude and phase angles,
and the filter impedance. As a result, it is difficult to obtain an analytical expression for this
relationship. To address this, an iterative algorithm has been developed using the equations from
Section 3.2, which determines the maximum harmonic current that can be synthesized by the
inverter without exceeding the voltage and current limits.
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The input information for the algorithm includes inverters power, which is used to
calculate the current injected into the grid. The active power is related to the generation of the
PV system, while the reactive power can be set based on a power factor compensation strategy
or grid code requirement. The algorithm also requires information on the harmonic orders to be
compensated, as each order causes a different voltage drop in the filter. The filter parameters,
grid voltage, and dc-link voltage must also be specified. The steps of the algorithm are as follows,
as shown in Fig. 20:

Source: Own authorship.
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Figure 20 – HCL imposed by dc-link voltage algorithm flowchart diagram.

1. Calculate by Eq. (3.9), for h = 1, the necessary voltage to flow the specified active power
to the grid;

2. An iteration increases the harmonic current amplitude and using Eqs. (3.9) and (3.10) until
the stop condition to be satisfied;

3. The stop condition is the dc-link voltage value defined by Eq. (3.11) is equal or greater
than Vdc_est. Where, Vdc_est is the estimated dc-link voltage value based on Eq. (3.10);
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4. A new iteration is done for completing the saturation limits. The process needs to be
repeated for each possible harmonic current angle;

5. Steps 2, 3 and 4 are repeated to complete the selected variable analysis: the dc-link
voltage, the harmonic order or one of the LCL filter parameters. The stopping condition is
determined by the size of the vector of the variable under analysis (x), which defines the
number of iterations required to complete the process;

6. The algorithm output is a vector (ilimit) with the maximum harmonic current for each
phase angle that can be synthesized without exceed the linear region of the modulation.

The necessary dc-link voltage calculated by the proposed algorithm, as a function of the
compensated harmonic order and its phase angle, is displayed in Fig. 21. The system parameters
listed in Table 3 are used, and the support of a 0.5 pu of harmonic current is demonstrated. It is
seen that the necessary voltage may be up to 16% higher, depending on the angle of occurrence of
the harmonic current. Additionally, as the impedance of the filter increases with frequency (due
to its inductive nature), as shown in Fig. 19, higher-order harmonics demand higher voltages.

Source: Own authorship.
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The developed algorithm can be modified to evaluate the support of two or more harmonic
current orders, as specified in Eq. (3.10). The goal of this tool is to evaluate harmonic current
profiles for support purposes. For instance, the synthesized voltage required for the 5th and 7th

harmonic orders can be calculated as follows:
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vS(t) = Vs1 cos(ωf t + δv) + Vs5 cos(5ωf t + δv5) (3.12)

+Vs7 cos(7ωf t + δv7)

Additionally, as reported in de Jesus et al. (2019), HCS can cause oscillations in the
dc-link capacitor voltage, affecting the system’s support capability. Fig. 22 presents an example
of dc-link oscillation due to HCS for a 5th harmonic order current. At 0.5 seconds, the HCS
begins and it becomes noticeable that the oscillation is caused by the injection of harmonic
current.

Source: Own authorship.
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Figure 22 – Dc-link voltage oscillation example due to 5th harmonic order current support.
Source: (DE JESUS et al., 2019)

It is important to note that the voltage oscillation reduces the total utilization of the dc
link by half of the oscillation caused by HCS. To account for this effect, the harmonic limit
imposed by the dc-link voltage algorithm presented takes this into consideration. The voltage
ripple for each harmonic order in Eq. 3.10 is, as reported in de Jesus et al. (2019), expressed as
follows:

∆Vdch = Vdc(kmax − 1) (3.13)

∆Vdch is expressed in peak voltage values. And,

kmax =

öõõô1 + 3mi

2ωfC

I±
Sh

(h ∓ 1)
1

Vdc

(3.14)

where mi is the modulation index, I±
Sh are the current peak value positive or negative sequence.

The superscript ± and the ∓ signal in the Eq. 3.14 are determined by the harmonic order
sequence. Additionally, it is important to note that the frequency of the oscillation triggered by
HCS relies on the compensated harmonic order, whereby negative sequence harmonics induce
oscillations of (h + 1)ωf , while positive sequence ones trigger oscillations of (h − 1)ωf .
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Moreover, the estimated dc-link voltage is given by:

Vdcest = 2V̂S

m
+ | q∞

h=2 ∆Vdchcos(hωf )|
2 (3.15)

The modified algorithm for the analysis of HCS is as follows:

• Representing multiple harmonic orders graphically can be difficult due to the different
possible phase angles for each order. The proposed algorithm searches for the most
restrictive phase angle to perform the analysis.

• Since the algorithm evaluates a harmonic profile, the harmonic amplitudes are fixed. The
concern is if the system can compensate the specified profile.

• For each harmonic order, the dc-link voltage oscillation caused is calculated using the
worst-case scenario phase angle.

• If the estimated dc-link voltage (given by Eq. 3.15) is higher than the rated dc-link voltage,
the harmonic current profile cannot be compensated in that specific setup. In such cases, the
designer must choose between partially or selectively compensating the targeted harmonic
profile, or redefining the filter parameters in an attempt to achieve complete compensation.

Additionally, an algorithm has also been developed to determine the maximum harmonic
current that can be synthesized without exceeding the inverter current limit. This algorithm
operates similarly to the dc-link voltage limit imposed by the algorithm. For each possible angle
value of the harmonic current, an iteration is made. The first step is to calculate the fundamental
current flowing into the grid. Then, the module of the current is incrementally increased and
Eq. (3.1) is calculated until the stop condition is satisfied. The stop condition in this case is the
inverter’s rated current. The flowchart for the algorithm is presented in Fig. 23.

The developed algorithms determine the constraints imposed by the dc-link voltage
and current separately, allowing for a clearer understanding of the limitations of grid-tied
inverters. This separation is particularly useful when considering the constraints for the design
of multifunctional converters. However, grid-tied inverters must comply with both current and
voltage limitations at the same time, resulting in a unique capability curve, which will be
demonstrated in the results of subsequent sections.

3.4 Simulation results

The algorithms described in the flowcharts shown in Figs. 20 and 23 are implemented
using MATLAB software. This approach is useful to provide a comprehensive understanding of
the limitations of the grid-tied inverters and the resulting capability curves, which can be used to
guide the design and implementation of multifunctional converters.
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Figure 23 – HCL imposed by rated current algorithm flowchart diagram.

3.4.1 Capability Curve Representation

Fig. 24 presents the results obtained from the implemented algorithms using the parame-
ters listed in Table 3. The scenario considered involves injecting an active power of 0.7 pu into the
grid, and evaluating the 5th harmonic current injection. The dependence on the harmonic current
phase is such that the capability curves can be plotted on a polar diagram, where the distance
from the origin represents the maximum harmonic peak current (ISh) that can be compensated,
and the angle (δIh) represents the harmonic phase. The units are expressed in per-unit (pu), with
the base current equal to the rated current of the inverter (Im).

There is an intersection between the HCL imposed by the dc-link voltage and the HCL
imposed by the rated current. In this case, the actual capability curve of HCS is the area within the
intersection of these two curves, as highlighted in red in Fig. 24. It can be seen that the harmonic
current angle has a significant influence on the harmonic amplitude that can be synthesized.
Two examples are indicated: Example 1⃝, where the harmonic current injection has an angle of
120º and is limited by the rated inverter current; and Example 2⃝, where the harmonic current
injection has a phase angle of 180º and is limited by the dc-link voltage. In both cases, the
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maximum 5th harmonic current that can be injected is around 0.35 pu. However, in Example 2,
if the dc-link voltage was not a constraint, the injected current would be 63% higher and limited
by the rated inverter current (dashed black line).

Source: Own authorship.
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Figure 24 – Inverter capability curves for HCL imposed by dc-link voltage (colored lines) and
HCL imposed by rated current (dashed black line). (0.7 pu of active power and the
5th harmonic current injection)

The capability curves obtained in this manner can be utilized to determine the limits
of support for each harmonic order in a PV system, while varying the injected active power.
Additionally, they can also assist in defining the dc-link voltage design, ensuring that the
synthesized voltage will never be more limiting than the rated current of the inverter. An example
of specifying the dc-link voltage under multiple harmonic current orders is presented in the
following section.

3.4.2 Parameter Variation Sensitivity

An important aspect that must be analyzed is how variations in the parameters of the
PV system may affect its ability to compensate harmonic currents. Thus, in this section, the
effects of variations in harmonic order, dc-link voltage, and filter passive elements (damping
resistor, capacitor, inductor, and X/R ratio) are analyzed. To isolate the individual effects, the



Chapter 3. Operation Limits of Grid-Tied PV Inverters with HCS 63

other parameters are kept constant, as shown in Table 3. All results in this section consider an
active power injection of 0.7 pu.

First, the effect of the harmonic order is analyzed. Fig. 25 presents the results obtained
from varying the harmonic order on the capability curve. Four harmonic orders were considered:
5th, 7th, 11th, and 13th. It is noticeable that the higher the harmonic order synthesized by the
inverter, the greater the HCL imposed by the dc-link voltage (colored lines). The HCL imposed
by the dc-link voltage for the 13th harmonic order is approximately 5.7 times greater than that
for the 5th harmonic order. Furthermore, in this case, for the 7th, 11th, and 13th harmonic orders,
the dc-link voltage is solely responsible for HCL as these curves are contained within the HCL
imposed by the rated current. This is expected, as the results obtained from the Bode diagram in
Fig. 19 demonstrate that the filter output impedance increases with frequency. Additionally, the
equivalent LCL filter impedance phase angle changes with frequency, hence the angle resulting
in the maximum harmonic current injection is different for each harmonic order.

Source: Own authorship.
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Figure 25 – Harmonic order variation effects in the capability curve. (HCL imposed by rated
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(0.7 pu of active power)

The variation in the dc-link voltage is also analyzed. The variation occurred in a range
of 87% to 104%, in steps of 20 V, of the rated dc-link voltage value for a 5th harmonic current
injection. Fig. 26 shows that an increase in the dc-link voltage allows a higher amplitude of
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harmonic current to be injected into the grid. The voltage drop across the filter has a linear
increase with the current injected into the grid, as established by Ohm’s law. The increase in
the dc-link voltage will also behave linearly with the HCL. Comparatively, it is possible to
inject approximately 16% more 5th harmonic current with an increase of 4% in the nominal
dc-link voltage. Usually, in commercial inverters, there is a limit for the dc-link voltage, since
higher voltage values affects the inverter costs, increases the switching losses and consequently
decreases the system efficiency (BIERHOFF; FUCHS, 2004; CALLEGARI; CUPERTINO;
FERREIRA; BRITO, et al., 2019; CALLEGARI; CUPERTINO; FERREIRA; PEREIRA, 2021).
Additionally, according to Backlund et al. (2009) there are three voltage ratings to be considered:
the dc-voltage which determines the cosmic radiation failure rate and the long-term leakage
current stability, the repetitive overshoot voltage spikes during turn-off and the maximum
switching voltage to guarantee the safe operation area.

Source: Own authorship.
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There are several LCL filter design methods presented in literature, author in Liserre,
Blaabjerg, and Dell Aquila (2004) affirm that the total filter inductance value can vary between a
minimum and a maximum value. In general, the total inductance value is limited to 0.1 pu in
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order to limit the voltage drop as larger inductances will imply in larger dc-link voltages that will
increase significantly the switching losses of the power converter. On the other hand, the minimum
filter inductance is determined based on the maximum acceptable current Total Harmonic
Distortion (THD). In Kouchaki and Nymand (2018), the authors considers the converter current
ripple as a definition parameter. Therefore, the effect of inductance variation is analyzed under
three conditions: the minimum calculated value (0.025 pu), the maximum value relative to the
filter voltage drop (0.1 pu), and the value available in the experimental setup (0.16 pu). Fig. 27
shows the results for a 5th harmonic current injection. As seen, even with inductance values
within the limits set for the filter design, there is a significant variation in the HCL imposed by the
dc-link voltage (approximately 40% between the minimum and maximum values of inductance
as designed in Liserre, Blaabjerg, and Dell Aquila (2004)).

Source: Own authorship.
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Figure 27 – Inductive reactance variation effects in the capability curve for a 5th harmonic current
injection. (HCL imposed by rated current (dashed black line) and HCL imposed by
dc-link voltage(colored lines)). (0.7 pu of active power)

Another parameter analyzed is the X/R ratio of the inductors calculated at the fundamental
frequency. Although the LCL filter inductors are designed to have low losses, it is important to
determine the impact of this parameter on the inverter’s capability. The ratio is varied between
5 and 40. Fig. 28 shows the result obtained from the variation in the X/R ratio effect on the
injection of a 5th-order harmonic current. It can be seen that there is only a small variation (<5%)
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in the capability to inject the harmonic current for the tested minimum and maximum values of
the X/R ratio. As a result, this parameter can be considered insignificant.

Source: Own authorship.
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Figure 28 – X/R ratio variation effects in the capability curve for a 5th harmonic current injection.
(HCL imposed by rated current (dashed black line) and HCL imposed by dc-link
voltage(colored lines)). (0.7 pu of active power)

Fig. 29 shows a comparison between an LCL filter and a filter neglecting the capacitor
branch (Padé approximant). When assessing the 5th harmonic injection, a 7.3% error is observed
in the capability curve when the capacitor branch is neglected. However, for the 17th harmonic
order current injection, a 233% error occurs. It is worth noting that the 17th harmonic order
selected is only for the purpose of comparison, as its frequency is already very close to the upper
limit of the control bandwidth. According to Eq. (3.8), with a switching frequency of 12 kHz, the
accuracy of the Padé approximant is only valid up to the 5th harmonic. This is mostly due to the
harmonic current frequency range, as capacitors tend to have high reactance at lower frequencies.
Also, in this tested case, the resonance frequency of the filter is very close to the 17th harmonic
order frequency and thus has a higher influence.

In general, the harmonic current capability analysis involves evaluating the resonance
frequency of the LCL filter. If the resonance frequency is placed far away from the common
harmonic content, the LCL filter can be approximated by an L filter with its inductance equal to
the sum of the inductances of the LCL filter.
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Source: Own authorship.
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Figure 29 – Capacitance variation effects in the capability curve. (HCL imposed by rated current
(dashed black line) and HCL imposed by dc-link voltage(colored lines)). (0.7 pu of
active power)

The impact of the damping resistor on the injection of harmonic current is also analyzed.
The variation was observed in a range from zero to the recommended value for the damping
resistor (which is approximately 20% of the capacitor impedance value at the resonance fre-
quency) according to references Liserre, Blaabjerg, and Hansen (2001) and Pena-Alzola, Liserre,
Blaabjerg, Sebastian, et al. (2013). However, during the range of variation tested, the damping
resistor had no significant impact on the injection of harmonic current. As a result, this finding
is not presented. The purpose of the damping resistor is to absorb a portion of the switching
frequency ripple to prevent resonance. Additionally, the high impedance of the capacitor, due to
the frequency of HCS from nonlinear loads, results in a low current in the damping branch.

The following conclusions can be stated based on the obtained results:

• The increase of the dc-link voltage has a linear effect in the HCL, i.e., the higher the
voltage, the higher the HC capability. However, the maximum dc-link voltage is limited by
the maximum semiconductors and capacitors rated voltages;

• The damping resistor has no considerable effect in the harmonic current injection capabil-
ity;



Chapter 3. Operation Limits of Grid-Tied PV Inverters with HCS 68

• The capacitor effects are dependent on the proximity between the harmonic current
frequency and the LCL resonance frequency, Eq. (3.8). For higher frequency harmonics
(780 to 1140 Hz) a more accurate result would be achieved considering the capacitor
reactance;

• X/R ratio has a small impact in the capability curve and may be neglected;

• The inductance is mainly responsible for the limitation of harmonic current injection.

3.5 Experimental results

An experimental setup was assembled to validate the algorithms developed in this work.
The implemented system consists of a three-phase single-stage inverter, as shown in Fig. 15.
The parameters of the experimental system are presented in Table 4. The system control is
implemented using the eZdsp F28335 kit from Spectrum Digital and the TMS320F28335 digital
signal processor. In order to ensure controlled and reproducible results, a programmable voltage
source was used instead of a photovoltaic array. An overview of the experimental setup is
presented in Fig. 30.

Table 4 – Parameters of the Experimental System.

Parameter Value

Maximum power (Pmax) 5 kW
Grid voltage (Vg) 220 V
Grid frequency (fn) 60 Hz
Switching frequency (fs) 12 kHz
Filter inductance (Lf , Lg) 2.0 mH
Filter resistance (Rf , Rg) 128.6 mΩ

3.5.1 Algorithms validation

Initially, for the experimental results, the PV inverter is set to inject the 5th and 7th

harmonic order currents separately. The dc-link voltage is controlled at 375 V. For both harmonic
order currents, the angle is varied from 0 to 360◦ with a 45◦ step. For each angle, the harmonic
current is initially set to 0 A and gradually increased until the limit imposed by the dc-link voltage
is reached. The limit imposed by the dc-link voltage is obtained by measuring the maximum
amplitude of the reference signal sent to the PWM. Throughout the tests, a 4 A fundamental
peak current per phase is maintained. The HCL imposed by the rated current is omitted in both
figures since it does not represent any limitation at the presented conditions.

An energy quality analyzer (Fluke 435-II) and an oscilloscope (Tektronix TPS 2024)
were used to measure the synthesized voltage level and voltage grid distortion. The quality
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Source: Own authorship.
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Figure 30 – Experimental prototype. 1 - power inverter, 2 - control system and interface board, 3
- controllable dc voltage source and 4 - command and protection circuits.

analyzer provides the distortion to be used as the input information for the algorithm. The voltage
total harmonic distortion measured was 3.5%, with amplitudes of 3.8 V and 2.5 V for the 5th

and 7th harmonic orders, respectively. The voltage level and distortion information were used to
obtain more reliable results when evaluating Eq. 3.9.

First, the effect of the harmonic order is validated by considering the 5th and 7th harmonic
orders. Fig. 31 presents the experimental results for the harmonic order variation. In the second
test, the system is set to control the dc-link voltage at two different levels (365 V and 375 V)
while compensating the 5th harmonic order currents with the same angles as in the previous
result. Results for the test are presented in Fig. 32.

The colored points in Figs. 31 and 32 closely approximate the theoretical results. It can
be seen that the experimental results have the same behavior as the developed algorithm. Upon
analyzing the results for the 7th harmonic at 270◦, it is observed that there is a deviation of 0.03
pu between the experimental and theoretical values. This deviation represents an error of around
20% or an absolute current value of 0.39 A. Considering the size of this error, it is difficult
to pinpoint a specific source, particularly since only two particular points in the experiment
displayed higher errors. Nevertheless, a general observation reveals that the experimental results
verify the algorithms developed in this work.
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Source: Own authorship.
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3.5.2 Performance under multiple harmonic current orders

The developed algorithm has also been validated for multiple harmonic orders as pre-
sented in Eq. (3.12). Different combinations of the fundamental current, 5th, and 7th harmonic
orders have been tested. Three testing conditions were used:

Source: Own authorship.
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Figure 33 – Synthesized current for the first, second and third conditions in (a-1), (a-2) and (a-3),
respectively. And its respective harmonic spectrum in (b-1), (b-2) and (b-3). Remark:
Experimental data loaded from the DSP.

• First condition: 3 A fundamental current and 2 A 5th harmonic order current, all with 0◦

phase angle.

• Second condition: 3 A fundamental current, 0◦ phase angle, 2 A 5th harmonic order current,
0◦ phase angle and 1 A 7th harmonic order current, 90◦ phase angle.

• Third condition: 3 A fundamental current, 45◦ phase angle and 3 A 5th harmonic order
current, 45◦ phase angle.

The synthesized current and reference voltage for modulation were experimentally
acquired and compared with the algorithm’s output. As seen in Figures 33 and 34, the algorithm’s
estimation shows good agreement with the experimental results.

These are valuable results, as with knowledge of the harmonic load characteristics, it is
possible to estimate the minimum required dc-link voltage to compensate for harmonic currents
without overmodulation. Using the tested conditions as an example, the following synthesized
peak voltage and the respective required dc-link voltage are:
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Source: Own authorship.
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Figure 34 – Reference voltage for modulation for the first, second and third conditions (a-1),
(a-2) and (a-3), respectively. And its respective harmonic spectrum in (b-1), (b-2)
and (b-3).

• First condition: V̂S = 214.5 V → Vdc = 371.5 V.

• Second condition: V̂S = 208.2 V → Vdc = 360.9 V.

• Third condition: V̂S = 223.4 V → Vdc = 383.7 V.

Therefore, the minimum required dc-link voltage for this harmonic profile to prevent
overmodulation would be 383.7 V.

3.6 Discussion

As observed in the previous analysis, the LCL filter has a significant impact on the
operation of MI with HCS, and therefore, additional precautions must be taken.

The methodology implemented in this work can be used in two ways: as an auxiliary
tool in the passive filter and dc-link voltage design, and to evaluate already installed projects
that have been retrofitted to provide HCS for nonlinear loads. Additionally, the results provided
by the algorithm can answer two important questions: What is the limit imposed by the filter
for a given harmonic current? What is the required dc-link voltage to safely compensate a given
harmonic load current?
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3.7 Chapter conclusions

The analysis conducted on the operating limits of inverters during HCS has provided
valuable insights for sizing crucial elements and characteristics of the system, such as the passive
components of the LCL filter and the dc-link voltage. Particularly the inductors, as evidenced in
the same filter project, it is possible to choose inductance values within a range. This can result
in a significant variation in the limits imposed by the dc link, approximately 40% in the case
being studied.

Furthermore, the algorithm implemented for analysis serves as a valuable tool in assisting
the design of LCL filters and determining the appropriate dc-link voltage. It also has the potential
to evaluate existing projects that could be retrofitted to accommodate HCS for nonlinear loads.
The methodology presented here can be extended to encompass other types of inverters and
passive filter topologies, thus expanding its applicability and utility. In the upcoming chapter,
the impacts caused by the saturation of inductors on the inverters ability to provide HCS will be
presented.
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4 Impact of Inductor Saturation on the
Operating Limits of Grid-Tied PV In-
verters with HCS

The nonlinearities of the inductors can have a significant impact on the performance and
stability of the PV system. Due to the nonlinear and time-varying nature of the inductor, the
current waveform produced may contain odd harmonics, leading to an increased THD of the
current, which is subject to regulatory limits. Additionally, inductance saturation can compromise
the stability of current-controlled systems and the actual value of the inductance is challenging
to estimate due to its time-varying nature. The use of current-dependent models of nonlinear
inductors has been proposed to study the behavior of the system and to develop controllers that
can mitigate the effects of inductance saturation and harmonic distortion.

The nonlinear inductance of the filter can change depending on the current level, which
makes it difficult to estimate accurately. When considering capability curves, inductance has a
direct impact on the ability to withstand harmonic currents. Fig. 35 presents an example of a
current-inductance curve. It is noteworthy that depending on the operating region of the inductor,
there can be significant variations in inductance. These variations have the potential to undermine
the effectiveness of the PV system for multifunctional operations.

The objective of this chapter is to analyze the impact of inductor nonlinearities on the
inverter’s ability to provide HCS.

4.1 Model of nonlinear inductor

An inductor is an electrical component that stores energy in a magnetic field when current
flows through it. Nonlinearities in inductors refer to deviations from ideal behavior, such as
changes in inductance with varying current or temperature, hysteresis effects, and saturation
effects. These nonlinearities can impact the performance of circuits that use inductors and need
to be taken into consideration when designing and analyzing such circuits.

To model the behavior of nonlinear inductors, a number of mathematical models have
been proposed in the literature (MASTROMAURO; LISERRE; DELL’AQUILA, 2008; VILKN,
2018). One approach is to use empirical models that are based on experimental data and can
provide a good fit to the measured characteristics of the inductor. Another approach is to use
analytical models that are based on physical principles and can provide a deeper understanding
of the underlying physics of the inductor. These models can be used to predict the behavior of
the inductor under different operating conditions and can be incorporated into circuit simulation
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Figure 35 – Typical current-inductance curve.

software to design and optimize electrical circuits that contain nonlinear inductors.

In Mastromauro, Liserre, and Dell’Aquila (2008) it is presented three distinct models
to account for the impact of core saturation in inductors. These models include the average
model, which calculates the effective inductance of the inductor based on its average magnetic
flux density, the piecewise linear model, which divides the magnetic flux density range into
several linear regions and models each region separately, and the Volterra model, which is a more
complex model that uses a mathematical technique to express a nonlinear function as a series of
products of the function’s input signals. In Vilkn (2018) is introduced a nonlinear inductance
model that allows the simulation of saturation effects using inductor design data. This is achieved
by utilizing the material’s magnetic flux density (B) x magnetic field strength (H) curve and
relevant equations that enable the derivation of B from current and H from voltage.

Given the specific context of this work, the most suitable model, which aligns with the
needs and tools already employed, is the one proposed in Vilkn (2018). The equation for B

depend on the geometry of the inductor and the voltage drop across the inductor (vind) and it is
given by:

B(t) = 1
NAe

Ú
vind(t)dt. (4.1)

where N is the number of turns of the inductor and Ae is the cross-sectional area of the inductor
core.
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Through a lookup table containing the BxH values of the magnetic material used it is
possible to determine the corresponding H . Subsequently, applying a suitable mathematical
equation to the obtained magnetic field strength makes it possible to determine the inductor
current.

i(t) = H(t) le
N

, (4.2)

where le is the inductor’s magnetic path length.

A descriptive diagram and functions used to implement the nonlinear inductor model in
the PLECS software are presented in Fig. 36.

Source: Own authorship.

Figure 36 – Nonlinear inductor model implemented in PLECS software.

A simulation was conducted using the data presented in Table 3, in Chapter 2, to compare
the performance of the ideal inductor and the implemented model. The characteristics of the
inductors, along with the BxH curves needed for implementing the model, are presented in
Appendix A. The tests were carried out in PLECS software, where only constant active power
was injected. The results of the simulation were analyzed by measuring the total harmonic
distortion (THD) of both signals, and the findings are presented in Table 5. Furthermore, an
example of the analysis for active power injection of 1.2 pu is illustrated in Fig. 37 where it is
presented the measured current and the current control error.

The results demonstrate the differences in behavior between the two approaches, with
the saturation model exhibiting nonlinear effects. Specifically, Fig. 37 shows that the saturation
model results in higher THD, indicating that the nonlinearities of the inductor have a significant
impact on the current control performance. It is worth noting that these results are consistent with
previous experimental results presented by Mastromauro, Liserre, and Dell’Aquila (2008), sug-
gesting that the nonlinear behavior of inductors is a key factor in the design and implementation
of current control systems.
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Table 5 – Comparison of simulation results between the linear inductor and the implemented
model.

Injected Power (pu) THD (%)

Linear Inductor Implemented Model

0.2 1.9 5.96
0.5 1.5 2.73
0.8 1.5 2.8
0.9 1.5 3.4
1.0 1.5 15.0
1.2 1.5 23.2

Source: Own authorship.
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Figure 37 – Comparative analysis of current control using (a) ideal and (b) saturated inductor
models (1.2 pu of fundamental current injection).

Besides the issues related to current control, inductor saturation can further compromise
HCS by decreasing the margin of available dc-link voltage and current to perform the ancillary
service. The impact of inductor saturation on HCS further emphasizes the importance of ad-
dressing the control errors resulting from inductor saturation. By mitigating these errors, it may
be possible to improve the overall performance of the system, including its ability to support
harmonic loads.

When the inductor is subjected to currents higher than a specified value, it can saturate,
resulting in a significant change in its impedance and a subsequent alteration in the inverter’s
current control performance. Changing the current controller gains can help mitigate the effects
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of the saturation in the current control. However, changing the gains too much can result in
unstable operation in the current control loop.

It is important to bear in mind that the main interest is to prevent the inductor saturation
process from reducing or making it impossible to achieve HCS, without compromising the
stability of the system. Therefore, this work proposes to investigate an adaptation of the control
to mitigate the effects of inductor saturation in the current control, as it affects the capability of
the system to provide HCS.

4.2 Current control

In Yepes et al. (2011) authors provide several insights into the design and analysis of
resonant controllers. For example, it notes that an increase in kp can lead to faster transient
response and less selective filtering, but can also decrease stability margins. Additionally, the text
highlights that the effect of the integral gain kih on stability can often be neglected, but should
be tuned to provide a balance between selective filtering and dynamic response.

Additionally, Yepes et al. (2011) also notes that traditional rules for stability analysis
may not be suitable for resonant controllers. For example, a positive gain margin is not always
sufficient for stability and there is always a positive and a negative phase margin for resonant
controllers. Finally, the authors suggest that the sensitivity peak is a more compact and reliable
stability indicator than phase margin. This is because it indicates the minimum distance to
the critical point evaluated across all possible frequencies, rather than only at the crossover
frequency.

The quantification of error rejection can be achieved through the sensitivity function,
given by:

S(s) = 1
1 + P (s)Gc(s) . (4.3)

where P (s) is the plant transfer function and Gc(s) is the current controller transfer function.

The magnitude of |S(s)| can reach its maximum value, referred as the sensitivity peak
1/η, which can be utilized as a concise measure of the system’s relative stability. Here, η

represents the minimum distance to the critical point (-1,0j) in the Nyquist diagram, and it is
used to quantify the actual proximity to instability.

In their work, authors in Yepes et al. (2011) provide guidelines for calculating the
proportional gain to ensure stability, steady-state error, and filtering of switching harmonics. kp

gain can be calculated as,
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kp = RT

1 − ρ−1
√

2

ñ
2 + 2ρ−2 − (1 +

√
5))ρ−1, (4.4)

where ρ = e

RT Ts

LT , Ts is the sampling period and LT and RT are the equivalent inductance and
equivalent series resistance of the filter, respectively.

After analyzing Eq. 4.4, it is found that kp is determined solely by the sampling time and
the total resistance and inductance of the circuit. Since inductor saturation causes the inductance
to decrease below the nominal value, the current control will exhibit different characteristics
than those for which it was designed. This raises the hypothesis that adjusting the gain of the
controllers can mitigate the control errors resulting from inductor saturation. Furthermore, it is
important to note that the kp gain remains constant and does not depend on the specific harmonic
orders that are being compensated.

Specifically, the proportional gain (kp) is directly linked to selective filtering and the sta-
bility margin of the system. By using sensitivity analysis, it is possible to assess the effectiveness
of adjusting the controller gains in mitigating the effects of inductor saturation on the control
system. It is worth noting that the focus of the controller adjustments is on mitigating the effects
of inductor saturation in the current control, rather than preventing saturation from occurring.

To summarize the effect of proportional gain variation on system sensitivity, Table 6 is
presented. The base value of kp = 29.66, as calculated using Equation 4.4, is varied to observe
the effect of this change on the system’s sensitivity. It is important to note that the higher the
η value, the more robust the system will be. It is worth noting that decreasing the proportional
gain directly impacts sensitivity of the system. Fig. 38 illustrates the effects of varying the
proportional gain on the stability analysis of the system through the Nyquist diagram. To some
extent, reducing the proportional gain can improve η, which in turn can benefit the system by
enhancing its robustness. However, it is important to consider that decreasing kp also leads to
slower control, which can affect the system’s stability.

4.2.1 Adjustable current control design

An idea for a new control technique to avoid anomalous instability behavior involves
adjusting the proportional gain of the controller based on the system’s operating conditions. This
technique takes advantage of the fact that the proportional gain affects the system’s stability
directly as previously shown. By monitoring the system’s response and adjusting the proportional
gain, the controller can be fine-tuned to avoid anomalous conditions in the current control. In
Zarei, Mokhtari, and Blaabjerg (2021) it is presented a fault detection and protection coordination
strategy that can detect and locate faults in the system, even when fault currents are close to the
nominal current of the converters. The study also identifies a control technique that modifies
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Source: Own authorship.
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Figure 38 – Nyquist diagrams of Gc(s)P (s) for different values of kp.

Table 6 – Effects of varying the proportional gain of the resonant controller on the system
sensitivity. Remark: kp = 29.66 as calculated using Eq. 4.4.

kp η

20% 0.1195
30% 0.3272
40% 0.6550
50% 0.7816
80% 0.8415
90% 0.8352

100% 0.8288
120% 0.8125

the control action of a resonant controller according to the system’s operating conditions. PMR
control is chosen for the current loop because it can achieve high bandwidth and robustness.

The dynamics of the LCL filter capacitor are neglected in order to simplify the plant
modeling of the inner control loop (MASTROMAURO; LISERRE; DELL’AQUILA, 2008;
LISERRE; BLAABJERG; HANSEN, 2005). The plant model transfer function of the dc/ac
stage current control is given by:
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P (s) = 1
LT s + RT

, (4.5)

The current control is conducted in the αβ reference frame where the current reference
is a sinusoidal signal. The PMR controller provides the resonant frequency to achieve infinite
theoretical gain and reduce the steady-state error (YEPES et al., 2011). The transfer function of
the PMR controller can be expressed as follows:

Gc(s) = kp +
Ø

h=1,5,7,11,13
GR(s), (4.6)

where GR(s) is the resonant part of the controller given by:

GR(s) = kih
s

s2 + h2ω2
f

. (4.7)

where kih is the integral gain tuned at the harmonic order h and ωf is the fundamental frequency.

The PMR controller is applied with the resonant frequency set to the fundamental
frequency of the grid voltage (60 Hz) and at harmonic orders of 5th, 7th, 11th, and 13th. The
controller is discretized using the pre-warping Tustin method. Fig. 39 shows the open-loop Bode
diagram of the PMR control.

Source: Own authorship.
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Figure 39 – Open-loop diagrams of PMR current controller.

As discussed in Section 4.1, saturation can cause an increase in the THD of the current
produced by the inverter and lead to a higher steady-state error in the control. To address this
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issue, it is proposed an adjustable control approach that involves using a peak detector to evaluate
the control error (e) and an additional anti-windup PI controller with saturation limits between
a minimum value and 1 to generate a correction factor (ke) that adjusts the proportional gain
of the resonant control. The control action to adjust the proportional gain will be implemented
through a threshold error value (e∗

thold), which is a constant carefully selected to prevent the
inherent noise in current control from triggering unnecessary actions. The threshold error value is
determined through simulation in a non-saturate state of the inductors. The minimum saturation
value defined in PI is determined by analyzing the Nyquist diagrams and the sensitivity of the
system, which involves varying the gain (kp), as demonstrated in Sections 4.1 and 4.2.

The control modeling assumes that the current control loop operates at a much faster rate
than the anti-windup PI control action. Fig. 40 presents the complete inverter control structure.

Source: Own authorship.
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Figure 40 – Complete inverter control structure.

The transfer function UC(s) of the PI controller is given by:

UC(s) = kpP I + kiP I

s
. (4.8)

where kpP I and kiP I are the proportional and integral gains of the PI controller, respectively.

The peak detection algorithm incorporates a delay, denoted by the term e−sτ . This delay
can be approximated using a first-order delay transfer function, which can be described as
follows:

e−sτ = 1
τs + 1 = J(s). (4.9)
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To ensure that the pole of J(s) is canceled by the zero of UC(s), the PI gains are designed
adopting the relationship τ = kpP I/kiP I .

The closed-loop transfer function of the adjustable control is:

A(s) = kpkiP I

s + kpkiP I

, (4.10)

and the following controller gains can be found as:

kiP I = 2πfp

kp

(4.11)

and

KpP I = τKiP I . (4.12)

where fp is the pole frequency of A(s). The peak detector introduces a certain amount of time
delay that is determined by the fundamental frequency of the signal being detected. Moreover, the
closed-loop system cannot operate faster than the delay imposed by the peak detector. Increasing
the speed of the closed-loop beyond the limit imposed by the peak detector may result in
suboptimal performance.

4.2.2 Adjustable current control analysis

Initially an assessment of the adjustable PMR control’s dynamics and performance will
be conducted to ensure compliance with design criteria. Subsequently, the output response will
be analyzed to guarantee system performance metrics, including rise time and settling time. The
stability, performance and dynamic behavior of the system can be evaluated. The controller
was designed to operate at 6 Hz, which is two decades below the 120 Hz delay imposed by the
peak detector. This results in the controller having gains of KpP I = 0.020 and kiP I = 1.25. The
system has a time constant of 0.0265 s, a rising period of 0.583 and a settling period of 0.104. To
evaluate the control implemented in the simulation, a step is applied to the error threshold, and
the control response to this step is analyzed.

Upon analyzing the response, in Fig. 41, it can be seen that the simulated system’s be-
havior in response to the error threshold step is consistent with the proposed behavior, exhibiting
a rise time of approximately 0.45 and a settling time of 0.88.

Additionally, the simulation of the complete system and the adjustable current control,
as presented in Sections 2.3 and 4.2.1, were carried out in the PLECS software. The inductor
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Figure 41 – Simulation adjustable PMR control error step response.

used is the 2 mH whose characteristics are shown in Fig. 44. The operating conditions of the
adjustable PMR control were simulated, and the graphs of the synthesized current, control
error, and ke factor are presented in Figs. 42 and 43. After the initial transients at 1.2 s, an
injection of 8 A of fundamental + 5 A of 5th harmonic peak current start. At the instant 2.2 s, the
fundamental current is increased to 14 A, keeping the 5th harmonic amplitude. Finally, at time
3.8 s, the inverter current ceases. Figures 42 and 43 show the simulation results obtained with
the adjustable control turned off and turned on, respectively.

In the results obtained with the adjustable control turned off, as shown in Fig. 42, an
increase in the error of the current control is visible at 2.2 s, which can be attributed to control
issues resulting from the saturation of the inductor. Since there is no action taken by the adjustable
control, the current error persists until the current reaches levels that do not cause saturation in
the inductor core.

In Fig. 43 during the injection of only 8 A of fundamental current and 5 A of 5th harmonic
current, it is observed that the nonlinear inductor effects in the current control are minimal, and
the adjustable control does not enter in operation, except for a transient at the beginning of the
current injection at 1.2 s. However, when the fundamental current increases, it is observed that the
error in the current control increases due to the nonlinearities caused by the inductor operating in
the saturated mode. This causes the adjustable control to come into operation, reducing the value
of the control proportional gain. By second 3.8 s, the current stops, and the control adjusts again
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Figure 42 – Simulation result of (a), (b) and (c) synthesized current and current control error,
and (d) ke factor with no adjustable control.

to the unity value.

In addition to Table 5, it is presented in Table 7 the THD values of the output current
are included for the simulation of the inductor model that is implemented using the adjustable
control operation.

It is noteworthy that when operating with the adjustable control turned off, the system
operates with higher THD and error values as demonstrated in Table 7, despite not reaching a
point of instability. This behavior confirms the effectiveness of the proposed adjustable PMR
control in mitigating the effects of inductor saturation on current control, ensuring that the
controller operates as designed unless an unexpected condition occurs. Overall, the simulation
results demonstrate the feasibility and effectiveness of the proposed control strategy to reduce
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Figure 43 – Simulation result of (a), (b) and (c) synthesized current and current control error,
and (d) ke factor with adjustable control.

the effects of inductor saturation on current control in HCS applications.

As demonstrated, it is evident that the nonlinearities of the inductors can cause significant
control problems. However, it was possible to identify mechanisms that mitigate these effects in
the current control, such as adjusting the selective filtering and the dynamic response of the PMR
controller through the proportional gain. The proposed technique is simple and can be easily
implemented in existing control systems with minimal modifications, making it a cost-effective
solution for improving the stability and performance of the system during HCS. Another way to
address control problems is to design inductors using cores with more linear behavior within the
excursion of the rated current of the inverter.
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Table 7 – Comparison of simulation results between the linear inductor and the implemented
model with and without the adjustable control.

Injected Power (pu) THD (%)

Linear Inductor Implemented model

Without adjustable control With adjustable control

0.2 1.9 5.96 3.17
0.5 1.5 2.73 1.97
0.8 1.5 2.8 1.71
0.9 1.5 3.4 1.70
1.0 1.5 15.0 1.60
1.2 1.5 23.2 4.35

4.3 Capability curves

The process for deriving the capability curve is similar to the one discussed in Chapter 3,
except for the need to incorporate the nonlinearities of inductor saturation into the implemented
code. The first step is to obtain the inductance versus current curve, which can be accomplished
by following the steps outlined below:

• Obtain the B x H curve: During the design of the inductors, as explained in Appendix
A, the equation for raising the magnetization curve for each of the cores can be obtained
directly from the manufacturer’s catalog.

• Calculate the magnetic permeability: the magnetic permeability is the ratio of the magnetic
flux density (B) to the magnetic field strength (H). This can be calculated for each data
point on the B x H curve.

• Calculate the inductance: the inductance (L) of the inductor can be calculated using the
formula L = N2/R, where N is the number of turns in the inductor and R is the reluctance
of the magnetic circuit. The reluctance can be calculated as R = le/(µAe), where le is the
length of the magnetic circuit, Ae is the cross-sectional area of the magnetic circuit, and µ

is the magnetic permeability.

• Obtain the inductance vs current data: by plotting the inductance values against their
corresponding current values, a lookup table can be generated.

Note that the inductance vs current curve is only valid for the range of current values for
which the BxH curve is obtained. If the current exceeds this range, the magnetic properties of
the inductor may change and the inductance vs current curve will no longer be accurate. Fig. 44
shows an example of the L x i curve obtained through the inductor’s B x H curve.
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Source: Own authorship.

Figure 44 – Example of the L x i curve. Material: Xflux Toroid - Part Number: 78777 - N =
102 − le = 177.2mm − Ae = 492.0mm2

Source: Own authorship.
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Figure 45 – HCL imposed by dc-link voltage algorithm flowchart diagram.

This enables to update the guidelines presented in Chapter 3 as follows. The algorithm
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requires input information such as power data, the specific harmonic orders to be compensated
(as each order causes a different voltage drop in the filter), filter parameters, grid voltage, dc-link
voltage, and the B x H curve. The algorithm consists of the following steps, as shown in the
flowchart in Fig. 45:

1. Calculate from Eq. (3.9), for h = 1, the necessary voltage to flow the specified active
power to the grid;

2. An iteration increases the harmonic current amplitude and using Eqs. (3.9) and (3.10) until
the stop condition to be satisfied;

3. Every time a current increment occurs and the iteration does not reach the stopping
conditions specified by Eq. (3.11), the algorithm automatically updates the region in which
the nonlinear inductor is operating.

4. The stop condition is the dc-link voltage value defined by Eq. (3.11) greater than Vdc_est.
Where, Vdc_est is the estimated dc-link voltage value based on Eq. (3.10);

5. A new iteration is done for completing the saturation limits. The process needs to be
repeated for each possible harmonic current angle;

6. Steps 2, 3 and 4 are repeated to complete the selected variable analysis: the dc-link
voltage, the harmonic order or one of the LCL filter parameters. The stopping condition is
determined by the size of the vector of the variable under analysis (x), which defines the
number of iterations required to complete the process;

7. The algorithm output is a vector (ilimit) with the maximum harmonic current for each
phase angle that can be synthesized without exceed the linear region of the modulation.

4.4 Simulation results

When there is a need to support harmonic currents and there are problems with inductor
saturation, it is imperative to mitigate the problems caused by current control. These problems
can drastically reduce the margin for supporting harmonic currents. For these reasons, a test will
be conducted to determine the capacity of a system with nonlinear inductors to support harmonic
currents using the adjustable control.

MATLAB software was used to implement the algorithms outlined in the flowchart
presented in Fig. 45. The simulation of the complete system and the adjustable current control,
as presented in Sections 2.3 and 4.2.1, were carried out in the PLECS software. This approach
permits a comprehensive assessment of the limitations of grid-tied inverters and the resultant
capability curves, which can aid in the design and implementation of multifunctional converters.
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In order to obtain the simulation results, the PV inverter is initially configured to inject
5th and 7th harmonic order currents separately. The dc-link voltage is controlled to maintain a
constant value of 370 V. To assess the behavior of the system under varying conditions, the angle
of injection is varied from 0 to 360◦ in increments of 45◦ for both harmonic orders. For each
angle setting, the harmonic current is gradually increased from 0 A until the maximum limit
imposed by the dc-link voltage is reached. The maximum amplitude of the reference signal sent
to the PWM is measured to determine this limit. It is important to note that during the tests, a
fundamental current of 9.2 A (0.7 pu) is maintained. Fig. 46 presents the simulation results for
the 5th and 7th harmonic orders.

Source: Own authorship.
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Figure 46 – Comparison between inverter capability curve (Cap) and simulation results (Simula-
tion) for 5th and 7th HCS. Capability curve for 5th order current using ideal inductor
for comparison (dashed black line).

The colored points depicted in Fig. 46 closely approximate the algorithm theoretical
results, indicating a strong correlation between the developed algorithm and the simulation
results. Notice the difference in the 5th harmonic current curves with and without saturation.
There is a discrepancy not only in the angle at which the maximum current can be compensated
but also in the total amount of harmonic that can be compensated. This effect arises from the
difference in the effective inductance of the nonlinear inductor, which in turn alters the output
filter impedance, thereby modifying the compensation curve.

This is a significant finding as it validates the accuracy of the proposed methodology
for validating HCS considering the inductor saturation effects. In Chapter 3, the algorithms
validation were demonstrated in the form of parametric variations, such as the values of the
passive elements of the filter, harmonic order, and dc-link voltage. This chapter now focuses on
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validating the implementation of the nonlinear inductor model effects on the capability curve. It
is also important to note the significance of the PMR control with adjustable gain, as its absence
makes impractical to deduce the voltage limits due to the nonlinear effects in the current control.

In order to ensure the robustness and stability of the control system in PV systems with
LCL filters, it is essential to perform a sensitivity analysis over the entire dc-link voltage limit to
HCS capacity range. Such an analysis can help to identify the points where a possible drop in the
robustness of the control system may occur. However, it is important to mention that the graph
does not show regions of instability, but rather regions where the effects of nonlinear inductors
can cause control issues.

The results presented in Fig. 47 were obtained by analyzing each point inside the 5th

harmonic capability curve while maintaining a fundamental current of 0.7 pu, using the inductor
model as presented in Fig. 44. It is important to note that this sensitivity analysis was performed
using the proportional gain as calculated from Eq. 4.4 without the adjustable control. For each
point, the effective inductance was computed for the given condition, and the sensitivity of
this condition was calculated. It can be observed that for certain angles of the 5th harmonic,
amplitudes of 6 A already show drops in the robustness of the system. It is important to note that
a higher value of η indicates greater robustness of the system.

Source: Own authorship.

η

Figure 47 – Sensitivity analysis for the inverter capability curves for HCL imposed by dc-link
voltage.

Conducting a sensitivity analysis can also help identify potential areas for further im-
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provement in the design of the control system. By analyzing the system’s behavior under different
operating conditions and parameters, designers can identify areas where changes may be needed
to improve its performance and reliability. This can lead to the development of more efficient
and effective control systems for PV systems with LCL filters with HCS.

4.5 Discussion

The effects of inductor saturation on current control have a significant impact on the
ability of inverters to provide HCS. Identification of saturation issues allows for the adoption of
mitigation strategies to address the control problems. These strategies may include replacing
inductor cores with more linear cores in the system’s operating region or designing more robust
current controls to counteract saturation effects.

Additionally, the previous analysis demonstrates the nonlinear effects of inductors can
be incorporated into the inverter capability curves, resulting in more reliable curves that reflect
the actual behavior of the photovoltaic system. This enables the tools developed in this study to
assist in evaluating and designing the capacity of inverters to provide HCS.

4.6 Chapter conclusions

This chapter discussed the impact of nonlinearities in inductors on the performance and
stability of PV systems. Results showed that the inductor saturation can compromise HCS by
decreasing the margin of available dc-link voltage and current to perform the ancillary service.
The impact of inductor saturation on HCS further emphasizes the importance of addressing
control errors resulting from inductor saturation to improve the overall system performance. To
mitigate the impact of inductor saturation on current control, a PMR controller with an adjustable
kp gain is proposed. The results demonstrated that the control system successfully maintains the
THD of the current within the 5% limit prescribed by technical standards.

Once the saturation of the inductors is mitigated by any adopted measure, it is evident
when comparing the capability curves of the linear model and the nonlinear model that the limits
imposed by the dc-link voltage behave differently. This is due to the fact that the nonlinear
inductor exhibits variable inductance along the current excursion, which leads to a correlation
between the module and angle of the filter impedance and this variation. The methodology
presented in this study can also be extended to other inverters and passive filter topologies. The
subsequent chapter outlines an optimization design methodology for the MI’s LCL filter, aimed
at selecting the optimal LCL filter parameters to enhance HCS capabilities.



93

5 Optimized Design of LCL Filter for
HCS

Passive filter designs are used to mitigate harmonic current injection into the grid
(PAUKNER et al., 2015). However, with the implementation of ancillary services, such as
HCS, different conditions are imposed on these systems. A complicating factor during HCS is
the increased losses in the overall system, including switching, conduction, and passive element
losses (DE BARROS et al., 2018). Although ancillary services can improve PQ, high efficiency
and high power density are still desired (DROFENIK; KOLAR, 2006).

Therefore, in order to strike a balance between efficiency and power density, a multi-
objective optimization is necessary. In literature, converter optimization analysis focusing on
efficiency (KOUTROULIS; BLAABJERG, 2011) and size (K. et al., 2009) has been presented.
To attain this targets, the system performance must be analyzed in a multi-dimensional space
(LE LESLE et al., 2017). Hence, an optimization technique is employed to obtain the optimal
solution for a given set of specified objectives.

5.1 Design procedure

The circuit topology, along with its control and modulation strategies, must be selected
with defined parameters to meet desired specifications (KOLAR; BIELA; MINIBOCK, 2009).
Additionally, minimum requirements for the system performance must be set (BORTIS; NEU-
MAYR; KOLAR, 2016) and the physical limits of components must be respected (LE LESLE
et al., 2017). While some components are designed from scratch, providing a wide range of
design variables, such as magnetic components for inductors, others, like semiconductor devices,
are prefabricated modules with limited selectable variables. The design process includes the fol-
lowing steps: adjustment of LCL filter parameters, inductor design, semiconductor and capacitor
selection, and cooling system design. It is important to note that this work proposes a guide to
evaluate and compare LCL filter parameters for HCS.

5.1.1 LCL Parameters Design

The LCL filter parameters vary with the system operating frequency. Higher switching
frequencies require lower values of inductance and capacitance, resulting in a smaller filter
volume. To find an optimal design for filter elements, the switching frequency is varied within
an acceptable range for the chosen semiconductors. A switching frequency range from 7 to 40
kHz, fmin and fmax, respectively, is adopted. Based on the methodology for LCL filter design
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presented in Appendix B, the grid parameters and inverter power showed in Table 3 in Chapter 2,
the LCL filter project was carried out.

The relationship between the resonance and switching frequencies (rf ≈ 4.5) is chosen
based on a series resistor damping strategy. The damping resistor is calculated according to
Pena-Alzola, Liserre, Blaabjerg, Sebastian, et al. (2013) as:

Rd = 1
2πfsCf

. (5.1)

To obtain equal inductances and minimize voltage drop in the inductors, rL = 1 is used,
where rL is the ratio between grid-side and inverter-side inductors. The rq ratio (between filter
inductance and capacitance) is varied between 1 and 10 with 0.1 steps. The following constraints
are adopted to meet minimum design requirements:

• Minimum power factor equal to 0.995 to limit the filter reactive power;

• the THD must be smaller than 5% to respect grid codes;

• total inductance smaller than 0.1 pu to limit the filter voltage drop;

• total inductance smaller than purely inductive filter;

• minimum inductance in order to limit current ripple in the first inductor in 30%.

Fig. 48 presents the results of several passive filter designs that meet the constraints.
It is apparent that multiple combinations exist for each frequency, which is due to the capac-
itor/inductor relationship (rq). The behavior of rq with regards to inductance and capacitance
values for a fixed frequency is shown in Fig. 48. In total, there are 1,925 possible combinations
between switching frequencies from 7 and 40 kHz.

5.1.2 Inductor Design

The inductor core and winding parameters are determined through an iterative design
procedure recommended by the core manufacturer and adapted in Cota (2016). This methodology
is explained in detail in Appendix C. The inductor values and switching frequencies are obtained
through the filter design procedure outlined in Section 5.1.1.

In this study, the inductors were designed using toroidal, E and U cores produced by
Magnetics with different material composition. According with Magnetics (2020) while all
seven materials found in their catalog can be used for various applications, each has its unique
advantages. To achieve the lowest loss inductor, Kool Mµ Hƒ and MPP materials should be
used as they exhibit the lowest core loss. For designs that prioritize small package size in a dc
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Source: Own authorship.
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Figure 48 – LCL filter design: (a) total inductance; (b) capacitance.

bias dominated environment, Edge and High Flux are recommended as they possess the highest
flux capacity. XFlux, on the other hand, can be a more cost-effective alternative to High Flux in
situations where higher core losses and limited permeability availability are acceptable. Both
Kool Mµ and Kool Mµ MAX are economical options that offer superior dc bias under current
loading.

In conclusion, the following restrictions were applied to the inductor design:

• solid round wire for manufacturing simplicity and cost;

• fill factor equal to 0.4 as suggested in the manufacturer catalog;

• toroidal, E and U cores produced by Magnetics:

– Kool Mµ Hƒ;

– MPP;

– Edge;

– High Flux;

– XFlux;

– Kool Mµ MAX;

– Kool Mµ.
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5.1.3 Capacitor Selection

5.1.3.1 Dc-link Capacitor

The value of the dc-link capacitor is based on the maximum dc-link voltage ripple, which
is a common approach used in many PV inverter designs (ABU-RUB; MALINOWSKI; AL-
HADDAD, 2014). By setting a maximum allowable dc-link voltage ripple, the capacitance value
can be calculated to ensure that the voltage remains within the desired range, as demonstrated in
Singh, Chandra, and Al-Haddadl (2015).

Cmin = I0

2ωf∆Vdc

. (5.2)

where Cmin is the minimum dc-link capacitance, I0 is the capacitor rms current and ∆Vdc is the
dc-link voltage ripple.

Nevertheless, the capacitor value calculated with traditional approach does not take into
account multifunctional operation with HCS. As proposed in de Jesus et al. (2019), it can be
defined a capacitance value to limit the oscillations caused by the mitigation of harmonic currents.
As presented in de Jesus et al. (2019), the lower the harmonic order, the greater its influence on
the dc-link power oscillation. By rearranging the equations introduced in de Jesus et al. (2019)
and depicted in Eq. 3.13 and Eq. 3.14 in terms of the dc-link capacitance, it is obtained:

Cmin = 3miISh

2rωf (h ∓ 1)Vdc

, (5.3)

where mi is the modulation index, ISh is the current peak value and r is,

r =
ó

∆Vdc

Vdc

+ 1 − 1. (5.4)

It is important to note that each harmonic order utilized in the harmonic support process
will contribute to dc-link oscillations. In this study, four harmonic orders were employed,
specifically, 5th, 7th, 11th, and 13th. A capacitance value will be defined to limit the oscillation
value to 1% of the dc-link voltage from the 5th harmonic order. This value ensures that the
dc-link oscillations resulting from harmonic support will not surpass the previously established
3% limit for conventional minimum capacitance designs, even when all four harmonic orders are
simultaneously active. Table 8 presents the data required to calculate the capacitances.

Thus, considering the parameters described in Table 8, a minimum dc-link capacitance
value of 500 µF is necessary to guarantee a voltage ripple of 3% on the dc-link and based on Eq.
5.3, the minimum capacitance required is 2200 µF.
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Table 8 – Parameters of the System.

Parameter Value

Grid voltage voltage (line to line) (vg) 220 V
Dc-link voltage (Vdc) 375 V
Harmonic current (ISh) 3.7 A
Harmonic current order (h) 5
Fundamental frequency (ωf ) 60 Hz

For normal operation, the dc-link capacitor used is the B4352B9687M0, a 680µF/400V
electrolytic capacitor manufactured by TDK with a maximum current at 100 Hz/40 ◦C of
8.1A. The capacitor bank is composed of two strings (each composed of two capacitors in
series) connected in parallel. For multifunctional operation, the dc-link capacitor used is the
B4352A9188M0, an 1800µF/400V electrolytic capacitor also manufactured by TDK with a
maximum current at 100 Hz/40 ◦C of 17.2A. The capacitor bank is composed of two strings
(each composed of two capacitors in series) connected in parallel.

5.1.3.2 LCL filter Capacitor

A popular choice for passive filters are film capacitors, which are known for their low
equivalent series resistance (ESR) and ability to handle high frequency ripple currents with
high reliability and low losses (KOLAR; BIELA; MINIBOCK, 2009). Film capacitors are also
suitable for high voltage surge ratings.

In this work, film capacitors will be used in the passive filter design. As the capacitance
range has already been established in Fig. 48 - (b), only the manufacturer and model of the
capacitors need to be defined. The capacitors were selected based on the first commercially
available capacitance value that was higher than the designed value. A summary of the capacitor
characteristics can be found in Table 9.

Table 9 – Film capacitors selected. (EPCOS/TDK B32361A4)

Parameter Value

Rated voltage (line to line) 480 V
Capacitance 5, 10, 15, 20, 25 and 30 µF
ESR 9.6, 4.8, 4.1, 4.3, 5.2, and 4.8 mΩ

5.1.4 Semiconductor Selection

The selection of semiconductors was based on the rated current capacity (13.12 A) of the
proposed prototype. A silicon six-pack IGBT module from Infineon was chosen for this purpose.
This product integrates a three-phase inverter circuit into a single module, allowing a compact
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power circuit design. A summary of the semiconductor’s characteristics can be found in Table
10.

Table 10 – Selected silicon module. (INFINEON FS15R12VT3)

Parameter Value

Collector-emitter voltage 1200 V
Rated current 15 A
IGBT Thermal resistance junction to case 1.3 K/W
IGBT Thermal resistance case to heatsink 0.6 K/W
Diode Thermal resistance case to heatsink 0.65 K/W
Diode Thermal resistance junction to case 1.95 K/W

5.1.5 Thermal design

The design of the cooling system is based on the losses calculation in each semiconductor
device and the thermal models of the entire system (ZHOU; HOLLAND; IGIC, 2008; COTA,
2016; ABRANTES, 2016; SANTANA, 2018; BALACHANDRAN; KUMARI, 2019). The
heat generated by these devices must be effectively transferred to the environment to prevent
overheating and potential device destruction (KUNZI, 2016). In this work, the Foster model is
used to perform the thermal analysis. The Foster model is derived empirically by approximating
the transient thermal impedance (Zth) curve into an RC network (ZHOU; HOLLAND; IGIC,
2008). Fig. 49 shows the thermal Foster model, where Cth is the thermal capacitance, Rth,jc

represents the junction to case thermal resistance, Rth,ch represents the case to heatsink thermal
resistance, Rth,ha represents the heatsink to ambient thermal resistance, and PQ and PD are the
losses of the IGBT and diode, respectively.

Additionally, the steady-state thermal resistances Rth,jc and Rth,ch are usually provided
in the manufacturer’s datasheet, while information for the transient model is obtained from the
device’s transient thermal impedance curves. Fig. 50 shows a thermal impedance curve provided
in the datasheet. The manufacturer also provides a table of thermal resistances and time constants
related to the curve, which can be used to obtain the thermal capacitance as follows:

τi = RthCth. (5.5)

where τi is the thermal time constant.

In section 5.1.4, a silicon six-pack IGBT module with anti-parallel diodes from Infineon
was defined. The steady-state thermal model of the module is presented in Fig. 51. By utilizing
circuit analysis techniques based on the Foster model (MITSUBISHI ELECTRIC, 2020), the
maximum thermal heatsink resistance can be estimated as,
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Source: Own authorship.
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Source: Datasheet.

Figure 50 – IGBT transient thermal impedance. (INFINEON, 2020)

Rth,h−a <
Tvj(max) − Ta − PQ,D(Rth,jc + Rth,ch)

6(PQ + PD) , (5.6)
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Source: Own authorship.
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Figure 51 – Three-phase IGBT/diode thermal model.

where Ta is the ambient temperature and Tvj(max) is the maximum junction temperature.

In this study, a maximum junction temperature of 105 ◦C and an ambient temperature
of 40 ◦C are considered. The maximum junction temperature limit was established based on
the rated operation of the PV system, considering only active power and no harmonic support.
By considering the differences in the increase in losses, it is possible to determine the required
heatsink volume in the final design.

5.2 Losses and volume evaluation

Accurate loss estimation is crucial for analyzing power density and efficiency. In the
case of the chosen topology, the three-phase single-stage inverter, the main sources of losses
are the semiconductor devices and passive filter elements. Losses from command circuits,
conditioning, and control contribute only a small and fixed portion of total losses (KOLAR;
BIELA; MINIBOCK, 2009; COTA, 2016). Additionally, losses in the dc-link capacitor can
usually be neglected as the use of many electrolytic capacitors tends to minimize the equivalent
resistance and corresponding losses.
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This study focuses solely on losses associated with semiconductors and passive filter
components. This is because losses in dc-link capacitors are minimal, and other losses are
typically encountered in conventional or multifunctional inverter operations. The evaluation
of the system’s total volume involves the consideration of volumes that are common to both
operational modes, including control circuits, signal conditioning and so on, as well as volumes
that are influenced by the system’s operation, namely, the cooling system, dc-link capacitors,
and passive filter components.

5.2.1 Inductor Losses

The search for high-power density systems is a current challenge. Improvements in
system components are made to increase switching frequency without sacrificing efficiency
(VILLAR et al., 2009; SHIMIZU et al., 2011; FUJITA, 2011). These advances also result in more
compact and lighter magnetic components. However, high switching frequency and reduced size
can lead to excessive temperature rise in these components (MATSUMORI et al., 2016).

Power inductor losses consist of dc copper loss, ac copper loss, and core loss. The dc
copper loss is due to conductor resistivity, while the ac winding power loss is caused by eddy
current effects, such as skin and proximity effects (REATTI; KAZIMIERCZUK, 2002). Core
losses result from hysteresis and eddy currents in the magnetic path (VILLAR et al., 2009). The
computation of inductor losses depends on the winding and core physical characteristics, and the
total inductor losses are used to estimate temperature rise in the component, ensuring that its
thermal limit is not exceeded (MAGNETICS, 2020).

5.2.1.1 Cooper Losses

For the estimation of cooper losses, the total winding resistance and the joule losses must
be calculated for each frequency, as described in Bahmani, Thiringer, and Ortega (2014). The
design of power inductors is often complicated by the need to calculate the winding ac resistance,
which is influenced by skin and proximity effects, particularly at high frequencies, as discussed
in Ferreira (1992) and Bartoli et al. (1995).

The skin effect refers to the concentration of current in the outer edges of the conductor,
causing its ac resistance to be higher than its dc resistance, particularly at high frequencies, as
noted in reference Popovic (2000). The proximity effect, on the other hand, is caused by the
interaction between currents flowing through a conductor and the magnetic field in adjacent
conductors, and is exacerbated at high frequencies and when there is little spacing between coil
turns, as explained in Popovic (2000).

Significant efforts have been made to develop accurate models of frequency behav-
ior(FERREIRA, 1992; BARTOLI et al., 1995). Solid round conductors are commonly used in
power inductor design due to their availability in a wide range of diameters at low cost (WOJDA;
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KAZIMIERCZUK, 2013). In this work, copper loss estimation is based on the analytical solution
presented in Bartoli et al. (1995), which accounts for skin and proximity effects by considering
their orthogonality, as described in Ferreira (1992). This method has been improved by the
introduction of porosity factors to enhance its accuracy (BAHMANI; THIRINGER; ORTEGA,
2014). The methodology adopted in this work is presented in detail in Appendix D.

Therefore, the power losses dissipated in the inductors winding can be estimated as:

Pw = Rdci
2
RMS +

∞Ø
h=1

Rw[h]i2
RMS[h] (5.7)

where Rdc is the winding dc resistance, iRMS is the total RMS current through the inductor
winding, Rw[h] and iRMS[h] are the ac resistance and the current for the hth harmonic order,
respectively.

5.2.1.2 Core Losses

In the literature, various methods can be found for the calculation of magnetic core losses,
including hysteresis models (JILES; ATHERTON, 1986), loss separation (KAPELLER; PLAB-
NEGGER; GRAGGER, 2018), and empirical methods (STEINMETZ, 1984; LI; ABDALLAH;
SULLIVAN, 2001; REINERT; BROCKMEYER; DE DONCKER, 2001; VENKATACHALAM
et al., 2002). Methods based on hysteresis models can be further divided into those based on
the Jiles-Atherton model (JILES; ATHERTON, 1986) and those based on the Preisach’s work
(HUI; ZHU, 1994). However, the practical use of these methodologies is limited due to the large
number of empirical parameters required (REINERT; BROCKMEYER; DE DONCKER, 2001).
The loss separation approach involves three separate components: static hysteresis, eddy current,
and excess eddy-current losses. This method also requires increased computational effort and
the use of empirical parameters (LI; ABDALLAH; SULLIVAN, 2001; VILLAR et al., 2009).

Empirical methods based on the Steinmetz equation (STEINMETZ, 1984) have proven
to be the most practical tool for core loss estimation, as they only require three parameters,
which are typically provided by the manufacturer. Over the years, different modifications of the
Steinmetz equation have been developed, including the modified Steinmetz equation (MSE) and
the generalized Steinmetz equation (GSE) (LI; ABDALLAH; SULLIVAN, 2001; REINERT;
BROCKMEYER; DE DONCKER, 2001; VENKATACHALAM et al., 2002). Both methods
allow the calculation of losses in non-sinusoidal waveforms, with GSE often providing higher
accuracy (LI; ABDALLAH; SULLIVAN, 2001). This is due to the inclusion of the instantaneous
flux density in the formulation, as discussed in Villar et al. (2009).

Finally, the improved generalized Steinmetz equation (iGSE) was introduced in Venkat-
achalam et al. (2002). This approach replaces the instantaneous flux density with its peak-to-peak
value, taking into account the effects of magnetic variation history. In this work, iGSE is used for
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the calculation of inductor core losses, as proposed in Venkatachalam et al. (2002). The iGSE
states that:

Pv = 1
T

Ú T

0
ki

-----dB

dt

-----
α

(∆B)β−αdt, (5.8)

where ki is given by:

ki = k

(2π)α−1 s 2π
0 |cosθ|α2β−αdθ

, (5.9)

where Pv is the time-average power loss per volume unit, and k, α, β are empirically determined
material parameters, also called Steinmetz parameters. ∆B is peak-to-peak flux density within
period (T ) and θ is the flux density instantaneous phase angle.

The Steinmetz parameters can be obtained from the manufacturer’s datasheet and are
defined for every designed inductor, as specified in Section 5.1.2. The computational implemen-
tation of the iGSE equation can be found in the literature, as described in Sullivan (2006). In this
work, the core losses algorithm was integrated with the proposed code.

5.2.1.3 Thermal Analysis

The design of the inductor’s thermal properties is an important consideration (MAT-
SUMORI et al., 2016). In theory, these properties are the main design limitation, as they specify
the boundaries that the magnetic component can continuously operate without exceeding its
critical temperature. According to Magnetics (2020), it is possible to estimate the inductor
temperature rise as follows:

∆Ti(◦C) = (Pind

Se

)0.833, (5.10)

where Se is the surface area for core wound with a fill factor of 0.4 and Pind is the inductor total
losses.

Furthermore, since the wire resistance is temperature-dependent, it is possible to adjust
the winding resistance accordingly. The ac resistance as a function of temperature is described in
Bartoli et al. (1995), and is given by:

Rw[T ] = 1 + (0.00393(Ta + ∆Ti − 20)), (5.11)

where Ta is the ambient temperature and 0.00393 is the copper temperature coefficient.
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5.2.2 Capacitor Losses

The ESR of capacitors is an important parameter in determining the best product for a spe-
cific application (KOLAR; BIELA; MINIBOCK, 2009; BRAHAM et al., 2010). ESR represents
the sum of all losses caused by the capacitor’s dielectric and metal elements (BRAHAM et al.,
2010). Each dielectric material has a corresponding loss factor. ESR is frequency-dependent
and can be calculated using the capacitor’s complex impedance (MAGNETICS, 2020), where
the real part represents the ESR and the imaginary part represents the reactive part. The angle
between the total impedance and its imaginary component is called the loss factor, which is
numerically equal to the dissipation factor (tan(δ)), as listed in the datasheet. Fig. 52 shows the
complex impedance diagram.

Source: Own authorship.
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Figure 52 – Capacitors phase relationship.

Therefore, the ESR can be obtained as:

ESR[h] = |ZC |tan(δ), (5.12)

where ESR[h] is the equivalent series resistance for the hth harmonic order. Therefore, the
power dissipated in a capacitor can be calculated by:

Pcap =
∞Ø

h=1
ESR[h]i2

RMS[h], (5.13)

It is important to note that the ESR of the capacitors also varies with temperature
(SILVEIRA BRITO, 2021). However, due to the minor impact of capacitor losses on the overall
losses of the system, temperature-dependent ESR variation was not considered in this study.
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5.2.3 Semiconductors Losses

During the operation of an inverter, the semiconductor devices are subjected to intrinsic
power losses as they conduct electrical current and switch between on and off states at high
voltage and current levels. These losses can be divided into two main categories: conduction and
switching losses (DE ANDRADE et al., 2016; COTA, 2016; ABRANTES, 2016; SANTANA,
2018). Conduction losses arise when the collector current flows through the semiconductor
module, along with a small voltage drop across the module. The necessary information for
calculating conduction losses, such as the emitter collector voltage curve (vce versus ic) for the
IGBT and the direct voltage (vf ) versus direct current (if ) for the diode, is usually provided in
the datasheet (INFINEON, 2020). Fig. 53 - (a) and (d) present the (vce x ic) and (vf x if ) curves,
respectively.

Switching losses, on the other hand, result from the time delay during the devices’ on
(tdon) and off (tdoff ) transitions. When turning on, a residual blocking voltage occurs briefly
due to the delay as ic rises from zero to its steady-state value. Conversely, during switching off,
there is residual ic while vce begins to rise. A similar situation occurs in the diode during the
change to the blocking condition. The necessary data for calculating switching losses, such as
the switching on and off (Eon and Eoff ) energies versus collector current for the IGBT and the
recovery energy (Erec) versus forward voltage for the diode, is also provided in the datasheet.
Figs. 53 - (b) and (c) present (Eon,off x ic) and (Erec x if ) curves, respectively.

In addition, these device losses are dependent on the junction temperature (Tvj), which
affects their performance (DE ANDRADE et al., 2016). The manufacturer typically provides
information on the devices’ thermal behavior, as discussed in Section 5.1.5. When compensating
for harmonic currents, it is important to consider the harmonic characteristics, as the conduction
and switching power losses depend on the harmonic amplitude, order, and phase angle (DE
BARROS et al., 2018). To accurately compute the semiconductor devices’ losses, an inverter
model was designed in a simulation environment (PLECS). A lookup table was assembled to
quantify the power losses in steady-state.

5.2.4 Cooling System

The cooling system of a converter usually constitutes a substantial portion of its total
volume and weight (DROFENIK; KOLAR, 2006). The heatsink can be characterized by its
power density, which is related to its thermal conductivity per unit volume, known as the Cooling
System Performance Index (CSPI) (DROFENIK; LAIMER; KOLAR, 2005). According to
Drofenik, Laimer, and Kolar (2005), commercial aluminum heatsinks have a CSPI of around 5
W/(Kdm3), while optimized copper heatsinks can have a CSPI of up to 31 W/(Kdm3).

The volume of the cooling system, in dm3, can be calculated based on the CSPI as
follows:
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Source: Datasheet.

(a) (b)

(c) (d)

Figure 53 – Datasheet information. (a) vce x ic; (b) vf x if ; (c) Eon,off x ic; and (d) Erec x if .
(INFINEON, 2020)

VCS = 1
Rth,h−aCSPI

. (5.14)

This thesis utilizes commercially available aluminum heat sinks, and thus a CSPI of 5
W/(Kdm3) was adopted. As a result, it is feasible to utilize Eq. 5.6, as outlined in Section 5.1.5,
to approximate the total volume associated with the system’s cooling system.
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5.2.5 Volume Estimation

Finally, the volume estimation takes into account both the cooling system and the passive
filter components. The following methodology is used to estimate the volume of each component:

• The inductor volume (VInd) information is provided in the datasheet (MAGNETICS, 2020)
and requires the selected core and the fill factor adopted in design, as described in Section
5.1.2.

• Capacitor: The cylinder volume formula VCap = πr2
ChC is used to calculate the capacitor

volume. Capacitors height (hC) and radius (rC) are provided in datasheet.

• The cooling system volume is estimated using the CSPI, as described in Section 5.2.4.

Therefore, the overall volume of the designed system is given by:

Vtotal = VCap + VInd + VCS. (5.15)

It is worth noting that this study does not consider aspects such as the volume of the PCB,
connections, and the control part. Consequently, the analysis of the total volume only reflects a
comparison of the objects under study, namely passive filter elements, the cooling system, and
capacitors of the dc link. Moreover, power density can be obtained as:

PowerDensity = Pmax

Vtotal

. (5.16)

5.3 Optimization methodology

An efficiency-power density Pareto optimization scheme has been proposed for the MI,
as depicted in Fig. 54. The system specifications, such as the rated power, rated grid frequency,
grid voltage, and dc-link voltage, are predetermined parameters. The photovoltaic inverter
parameters used throughout this thesis are the same ones listed in Table 3. The design variables,
such as switching frequency, LCL filter parameters, inductors, etc., are multiple parameters
that can be identified. These variables were addressed in Section 5.1 and are appropriately
referenced in Fig. 54. The electric power circuit modeling discussed in Section 3.2 provides the
voltage/current information to the inductors and capacitors loss model. Furthermore, a lookup
table is assembled using the software PLECS to evaluate the semiconductor losses. The volume
and losses estimation are used to establish the Pareto design space, in this case study, there are n

solutions, where n is the acceptable number of filter parameters.
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Source: Own authorship.
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The Pareto analysis is based on a graphical representation of solutions. The aim is to find
a solution in the design space that satisfies efficiency and power density objectives. Generally, in
most systems, there is no simultaneous optimal solution for all objective functions. Hence, there
is a set of possible solutions, each of which is referred to as Pareto optimal and is characterized
by not being able to improve one variable without worsening the other. The set of Pareto optimal
solutions is known as the Pareto Front, which is graphically represented.

5.4 Simulation results

One of the objectives of this work is to compare the HCS in terms of filter parameter
design and system losses. Two scenarios are compared: normal operation, where only 0.9 pu of
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active power injection is considered, and multifunctional operation, where a condition of 0.9 pu
of active power being injected into the grid and the harmonic current profile defined in Eq. 5.17
being compensated is considered.

iSh(t) = Im

5 cos(5ωf t + δI5) + Im

7 cos(7ωf t + δI7) (5.17)

+Im

11 cos(11ωf t + δI11) + Im

13 cos(13ωf t + δI13)

The harmonic profile consists of four harmonic orders, with the higher the harmonic
order, the lower the harmonic current amplitude. As mentioned in Chapter 3, the limitations of
inverter current and the limits imposed by the dc-link voltage must be taken into account. The
first step is to apply the capability restriction in the multifunctional operation case. As mentioned
in Chapter 3, the analysis of multiple harmonic orders is performed sequentially. Initially, the
analysis is done for the 5th harmonic, and if it can be compensated, the margin is secured, and the
analysis moves on to the next harmonic. This process is repeated for each subsequent harmonic
in turn.

Fig. 55 present two examples, one where the selected filter parameters allow for full
support of the harmonic current profile (for 9.6 kHz design frequency and rq = 1.3) and the
other that restricts the support of the harmonic profile (for 7 kHz design frequency and rq = 1.6).

Source: Own authorship.
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Figure 55 – Capability curves constraint examples: (a) Lf = 0.45 mH, Lg = 0.45 mH, and
Cf = 14.32 µF; (b) Lf = 0.63 mH, Lg = 0.63 mH, Cf = 17.37 µF.

Fig. 55 - (b) shows that the 5th and 7th harmonic orders can be compensated, while
the 11th harmonic current can only be partially compensated. Also, in this scenario, it is not
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possible to compensate the 13th harmonic order current. The inverter capability constraint reduces
the filter parameter possibilities by approximately 12.5%. The filter parameters designed for
frequencies below 10 kHz are most affected by the capability constraint due to higher inductance
values.

Additionally, this section presents the efficiency, loss distribution, and power density
calculated for different switching frequencies for the normal operation and multifunctional
operation cases. As mentioned in Section 5.1.1, there are several possible filter values for each
frequency. Additionally, each inductor in this combination can be implemented with different
characteristics due to the available number of cores and types of magnetic materials. Figs. 56
and 57 show the mean value of loss distribution, and Figs. 58 and 59 show the total losses, and
power density, respectively, for each frequency. These results are based on all the different LCL
filter configuration solutions used for that particular frequency.

Source: Own authorship.
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Figure 56 – Mean losses distribution: (a) without HCS; (b) with HCS.

It can be observed in Figs. 56-(b), 57, 58-(b), and 59-(b) that for multifunctional operation,
the results are shown for frequencies approximately above 9 kHz. This is due to the fact that for
lower frequencies, the inductors have higher inductances, which violate our capability constraint,
as exemplified previously in Fig. 55-(b).

Fig. 56 presents the results obtained for inductor winding, inductor core, capacitor and
semiconductor device mean losses, in percentage therms in relation to total losses, for different
switching frequencies. Both normal and multifunctional operations reveal that the ratio of losses
in semiconductors is directly proportional to the rise in switching frequency, primarily resulting
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Source: Own authorship.
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Figure 57 – Mean losses distribution: (a) Semiconductor; (b) Inductor Core; (c) Copper Losses;
and (d) Capacitor Losses.

from switching losses. Figure 57 displays the losses separately, allowing for a more detailed
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Source: Own authorship.
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Figure 58 – Mean total losses distribution: (a) without HCS; (b) with HCS.

Source: Own authorship.
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Figure 59 – Mean power density distribution: (a) without HCS; (b) with HCS.

examination of the differences between normal and multifunctional operation in terms of loss
distribution.

Conversely, losses in the LCL filter elements exhibit a slight decrease due to the lower
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inductance and capacitance values at higher frequencies resulting from an increase in switching
frequency. At the same time, it should be emphasized that the losses in the capacitor are
insignificant in comparison to the losses incurred by other components. Fig. 58 shows the total
mean absolute values of system losses as a function of frequency. Upon analyzing Figs. 56 and
58, it becomes apparent that the behavior of losses, both with and without harmonic current
support (HCS), is closely correlated with the switching frequency and losses in semiconductor
devices. Additionally, it is observed that during multifunctional operation, the mean losses tend
to be higher compared to operation without HCS.

Finally, Fig. 59 shows the average power density for each frequency. It is interesting to
note the behavior of the power density distribution by frequency. Initially, for lower frequencies,
there is an increase in power density, which can be explained by the relationship between the
decrease in the volume of passive elements in contrast to the increase in the volume of the
cooling system. For higher frequencies, however, this ratio is already offset, and the increase
in the volume of the cooling system is much greater than the decrease in the volume of passive
elements in the filter.

Although it does not influence the optimization process, which is the main focus of this
chapter, analyzing these figures is important to understand the real behavior of the system under
the imposed degrees of freedom (such as switching frequency, LCL filter, inductor design, and
type of operation).

The Pareto Front is the set of optimal solutions that cannot be improved in one objective
without worsening at least one other objective. The Pareto Front can be visualized as a plot, with
each point representing a particular solution that is optimal in some sense. Fig. 60 presents the
Pareto Front plotted on a scatter plot (in red) with all the possible LCL filter solutions. The points
on the Pareto Front are highlighted in red. Additionally, a decision-making function developed
allows the user to select their preferred combination of objectives for selecting the best point
from the Pareto Front. The function relies on a weighted average approach and presents three
alternatives: choosing the highest weighted value in terms of objective power density, selecting
the highest weighted value in terms of objective efficiency, or opting for equal weights that
maximize both power density and efficiency (referred to as Cases A, B, and C, respectively). The
function was successfully applied to the Pareto Front generated in a previous step. The results
obtained using the decision-making function show that the optimal solution depends on the
weights assigned to each objective. By changing the weights, it is possible to select a different
point from the Pareto Front that best meets their specific needs and preferences.

Table 11 presents the values of the Pareto Front for the three objectives, A, B and C, and
the resulting optimal solution selected by the decision-making function. The table provides a
clear overview of the range of Pareto-optimal solutions and how the optimal solution changes
depending on the weight assigned to each objective. The table can be a useful tool for decision-
makers to explore the trade-offs among different objectives and select the optimal solution that
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Source: Own authorship.

Figure 60 – Pareto Front solution: (a) without HC; and (b) with HC.

best meets their specific needs and preferences. Additionally, Table 12 presents the constructive
characteristics of the inductors that were selected based on the Pareto Front and decision making-
algorithm.

5.5 Discussion

The filter optimization allows designers to balance multiple performance metrics, in-
cluding efficiency, grid integration and volume. As shown in the previous analysis, the LCL
filter plays a significant role in HCS. It is important to note that projects that do not consider
multifunctional operation may face physical and/or control limitations.

Upon analyzing the scenario, it becomes apparent that the operating conditions yield
comparable efficiency and power density values, this can be accomplished by simply modifying
the material utilized to manufacture the magnetic cores of the filter inductors. An interesting
result obtained for case A reveals that the same configuration of LCL filter can be used for
both normal operation and multifunctional operation. Additionally, it is worth noting that the
difference in efficiency in this comparative case A is attributed to the increased losses in the
passive elements of the LCL filter and the dc link due to HCS. Also, the decrease in power
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Table 11 – Optimal filter parameters. (A - highest weighted value in terms of objective power
density; B - highest weighted value in terms of objective efficiency; and C - opting
for equal weights.)

Normal operation
A B C

Inductance 0.31 mH 0.54 mH 0.70 mH
Capacitance 19.6 µF 29.64 µF 29.6 µF
Frequency 13.60 kHz 8.06 kHz 7.06 kHz

Power density 5.90 kW/dm3 5.60 kW/dm3 2.14 kW/dm3

Efficiency 98.61% 98.90% 99.01%
Multifunctional operation

Inductance 0.31 mH 0.42 mH 0.44 mH
Capacitance 19.6 µF 28.2 µF 28.2 µF
Frequency 13.60 kHz 9.06 kHz 9.06 kHz

Power density 5.81 kW/dm3 5.49 kW/dm3 5.22 dm3/kW
Efficiency 98.50% 98.68% 98.76%

Table 12 – Optimal filter parameters. (A - highest weighted value in terms of objective power
density; B - highest weighted value in terms of objective efficiency; and C - opting
for equal weights.)

A B C
Normal operation

Inductor

Material XFlux Toroids Xflux Toroids Kool Mu E cores
Part number 78094 78110 114040

Area 134 144 1220
Volume 15600 20700 262000

Number of turns 44 48 72
Multifunctional operation

Inductor

Material Xflux Toroids High Flux Toroids High Flux Toroids
Part number 78094 58110 58195

Area 134 144 221
Volume 15600 20700 28600

Number of turns 44 62 229
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density during HCS is a result of the increased heat sink requirements, as harmonic support also
leads to higher switching and conduction losses. Consequently, a larger heat sink is necessary to
maintain the same thermal stress on the semiconductor elements.

Moreover, the transition to scenario C leads to an efficiency enhancement of approxi-
mately 0.25-0.4%, depending on the type of operation, at the expense of considerably smaller
power density values. Although it may appear unconventional at first, opting for a slightly more
efficient solution can yield substantial cost savings over the lifetime of the system, particularly
when additional installation space is available. It is important to acknowledge that the findings
presented in this study are representative of the specific conditions and limitations outlined in the
text. By following the same procedures and guidelines used in this study, it is feasible to apply
the methodology to other systems with varying conditions and/or restrictions.

5.6 Chapter conclusions

The optimization data presented offers an interesting insight: without undergoing an
optimization process, technically acceptable design conditions may result in losses in both
efficiency and power density. In the studied case, these losses can reach up to 2-3% in efficiency
and 5 kW/dm3 in power density.

Concerning the switching frequency, it is evident that when prioritizing power density, a
higher switching frequency is typically employed. This frequency represents the turning point
where the volume of passive components in the filter decreases, while the volume of the heatsink
increases due to elevated switching losses. For normal operation, the optimization results indicate
that conditions A and B are more viable. Condition C exhibits a significant decline in power
density for a marginal 0.11% gain in efficiency. On the other hand, in multifunctional operation,
a balance is observed among the three presented conditions. Among them, condition B, which
values a compromise between optimization parameters, appears more suitable, yielding an
efficiency increase of 0.18% and a decrease of 0.32 kW/dm3.

Furthermore, the findings suggest that it is possible to design a photovoltaic (PV) system
capable of providing HCS without significantly compromising its overall performance. The
proposed methodology can serve as a valuable tool to guide engineers and researchers in
effectively integrating HCS into PV systems, while still maintaining their desired performance
levels.
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6 Conclusions and Future Research

6.1 Conclusions

This thesis fulfilled its primary objective of examining the influence of HCS on the
performance of grid-tied PV systems. It accomplished this by analyzing the impact of HCS on
system operation, including operating limits, losses, and deviations from normal operation. The
study provides valuable insights and guidelines for evaluating and enhancing the operational
status of multifunctional PV systems. In Chapter 2, which focuses on MI modeling, control,
and design, a comprehensive review of renewable generation systems with HCS capability is
presented. This exploration serves as the foundation for comprehending the key principles and
methodologies involved in achieving HCS in PV systems.

The objective of defining MI capability curves, which serve as safety boundaries for
equipment operation it is presented in Chapters 3 and 4. It is accomplished by developing an
algorithm that creates MI capability curves based on inverter limits. The algorithm’s effective-
ness was validated through simulations in PLECS software and experiments on a test bench,
providing a practical tool for assessing system operating limits. Furthermore, the analysis of
nonlinearities in inductors has highlighted the detrimental impact of inductor saturation on the
performance and stability of PV systems during HCS. The proposed PMR control approach
has effectively mitigated the effects of inductor saturation, ensuring compliance with technical
standards regarding THD limits.

In summary, the overall results of the capability curves analysis highlight two key points.
First, in order to achieve HCS, it is necessary to ensure a sufficient dc-link voltage. Second, the
LCL filter inductors play a crucial role in determining the amount of voltage required on the
dc link. Therefore, careful consideration and appropriate design of the LCL filter inductors are
essential in determining the available dc-link voltage. Moreover, these indicators pave the way
for evaluating various LCL filter designs. It is important to note that a higher voltage on the dc
link leads to increased losses. Different LCL filter designs result in varying values of passive
elements, which directly impact the definition of losses and system volume. Therefore, exploring
and analyzing different LCL filter designs becomes crucial in optimizing the trade-off between
losses and system size.

Finally, in Chapter 5, a comparative analysis between a system designed for HCS and
a system solely focused on active power injection into the grid was conducted. This analysis
provided valuable conclusions on the benefits and trade-offs of integrating HCS capabilities into
grid-connected PV systems. Regarding MI filter design and analysis, the thesis proposed and
compared passive filter designs considering criteria such as losses and power density. Pareto
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optimization analyses is employed to identify optimal filter configurations, enabling designers
to make informed decisions in selecting filters that enhance HCS while balancing performance
metrics. Preliminary observations indicate that design conditions that are technically acceptable
but lack optimization may result in efficiency and power density losses. These findings highlight
the importance of filter optimization to attain the desired performance metrics for grid integration.

In a particular scenario analyzed in the study (case A), by maintaining the passive
filter conditions and switching frequency constant, the multifunctional operation shows a slight
decrease of 0.11% in efficiency and a reduction of 0.09 kW/dm3 in power density. However,
transitioning to scenario C yields an efficiency improvement ranging from approximately 0.25%
to 0.4%, depending on the specific type of operation. It should be noted that this efficiency
enhancement comes at the cost of significantly lower power density values. The optimization
of the LCL filter has demonstrated that it is possible to achieve enhanced capability for HCS
without compromising system efficiency. The trade-off analysis has shown that a careful balance
between efficiency and power density needs to be considered in the design process.

The outcomes of this research have practical implications for engineers and researchers
involved in the design and integration of HCS capabilities into PV systems. The presented
methodologies and guidelines can facilitate the development of efficient, reliable, and harmoni-
cally compliant PV systems that contribute to the stability and sustainability of the electrical grid.
As the field of renewable energy continues to evolve, future research can build upon this work
by exploring alternative system configurations, control strategies, and optimization techniques,
further expanding the knowledge and applications of HCS in PV systems.

6.2 Future research

Although numerous aspects have been investigated and documented in this present PhD.
thesis, there are still ample scope for further improvement. The following studies could be
addressed in future research:

• The design of a controller that considers the voltage capability constraints of the dc-link
and inverter current.

• Experimental validation of the capability algorithm with nonlinear inductor behavior with
the PMR with adjustable gain proposed.

• A comparative analysis of the outcomes obtained from optimizing the LCL filter compo-
nents with another methodology existing in the literature.

• Experimental power losses validation: a topic do address is the losses calculation method-
ology and the optimization process experimental validation. Thus, it is proposed a test
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bench assembly to perform the comparisons between a filter designed for active power
injection and another optimized for multifunctional operation.

• A study to assess the limitations associated with control and modulation during HCS.

Considering these and various other prospects for future research, the author sincerely
hopes that this research project will be pursued beyond the scope of the present thesis.
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APPENDIX A – Implemented Inductor
Model Parameters

This appendix provides the essential information required for the implementation of the
nonlinear model of the inductor, which was implemented in Chapter 4.

Table 13 – Chapter 4 implemented inductor characteristics.

a 0.0382812795454997
b 0.0179973286225475
c 0.000701216650615925
d 0.0706331225497646
e 0.000450176707480978
x 1.630

Path Length 243 mm
Number of Turns 129

Area 358 mm²
dc Resistance 37.7 mΩ

Throughout the curve fitting equation give in Eq. A.1 and the parameters presented in
Table 15, it is possible to determine the flux density (B) versus magnetic field strength (H) to
assemble the required lookup table:

B = ( a + bH + cH2

1 + dH + eH2 )x. (A.1)
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APPENDIX B – LCL Filter Design for
Normal Operation

This LCL filter design strategy is carried as proposed in (PENA-ALZOLA; LISERRE;
BLAABJERG; ORDONEZ, et al., 2014).

The total inductance per unit can be calculated as:

lT = rf
fn

fs

1 + rl√
rlrq

, (B.1)

where rq is the ratio between the LCL filter inductance and capacitance (rq = Cf/lT ), rl is the
ratio between the grid and converter inductance (rl = Lf/Lg) and rf = fsw/fres is the ratio
between the switching frequency fs and the resonance frequency fres.

Current total harmonic distortion (THDi) can be estimated to assess the LCL filter
attenuation and is given by:

ĩup
g = πVdc

12Zb

√
rq

r3
f

√
rl

(1 + rl)
1

(1 − 6/mf )2 − 1/r2
f

ñ
(fm), (B.2)

fm is given by:

f(m) = 3
2m2 − 4

√
3

π
m3 + 9

8(3
2 − 9

8

√
3

π
m4), (B.3)

and m is the fundamental component modulation index,

m = 2
√

2
Vdc

ó
( Vn√

3
)2 + (2πfnLT In)2. (B.4)

Finally, THDi can be estimated as:

THD =
ĩup
g

Im

∗ 100 (B.5)

When designing an LCL filter, some parameters limit must be introduced in order to
achieve better performance:
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• the capacitor value is limited by the maximum reactive power circulating in the system
(generally should be less than 5%);

• the total harmonic current distortion (THD) must be smaller than 5%;

• the total inductance value must be limited in order to reduce the drop voltage during
operation;

• the resonant frequency must be within a range that does not influence the lowest and
highest frequencies, i.e., above ten times the grid frequency and below half the switching
frequency. (10f < fres < 0.5fs)

The first guideline for limiting filter parameters is the total reactive power. In this project,
a minimum allowable power factor of 0.5% was adopted. Thus, FPmin = 0.995. Following, the
second guideline concerns THD. A 3% THD was used, since the models used in the simulation
neglect some aspects such as key dead time and grid distortion.

The filters total inductance must satisfy three restrictions to respect the voltage drop
limits and the voltage oscillation:

• the inductance must be smaller than 0.1 pu;

• the inductance must be smaller than a purely inductive filter;

• Minimum inductance to limit the first inductor current ripple between 30% and 50%.

The restrictions presented are translated into the following equations:

Lmax,δV
= Lb

10 , (B.6)

where Lb is the system base inductance.

Also, the total filter inductance should be smaller than purely inductive filter. Thus, it
was considered the L filter design proposed by Pena-Alzola, Liserre, Blaabjerg, Sebastian, et al.
(2013) given by:

Lmax,L = 100
6
√

3
1√
48

Vdc

fsIn

ñ
f(m). (B.7)

Additionally, minimum inductance to limit the inverter-side inductor current ripple
between 30% and 50% should be provided. To satisfy this requirement authors in Jalili and
Bernet (2009) proposed the following approach:
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Lf,min = Vg/
√

3
2
√

6fsδif

, (B.8)

δif is the current ripple in Ampere.
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APPENDIX C – Inductor Design

C.1 Design overview

Among the available cores, select all those that meet the maximum energy criterion given
by:

Emax = LI2
max

2 . (C.1)

A total of 206 different core are available to select, with the maximum energy varying
from 0.0001 to 5600 J. All inductors that meet the minimum energy criteria are analyzed.
Afterwards, if no core is selected, meaning the maximum energy criterion was not satisfied, a
series inductor is added and the algorithm returns to eq. C.1.

The design methodology of the inductors is based on the work carried out in Soares
(2016), Cota (2016) and Vilkn (2018). Given the core selection all material data are also obtained
from information loaded from data sheet. Throughout the curve fitting equation give in Eq. C.2
it is possible to determine the flux density (B):

B = ( a + bH + cH2

1 + dH + eH2 )x. (C.2)

To determine the turn number (N ) the approach is based on the B × N curve, where the
solution is the following equations curve intersection:

N = LImax

BmaxAe

(C.3)

B ≈ µNI

le
→ N ≈ Bmaxle

µImax

(C.4)

In eq. C.3, the maximum flux density (Bmax) is assigned to the vector between 0 and 2 T
and where Ae is the selected core area. Moreover, eq. C.3 is based on the magnetic field produced
by a N turn coil using the Ampere law, where le is the core effective length. The permeability
µ can be derived, for each magnetic field strength H , from the Bmax × H characteristic. It is
considered that the solution for Bmax should not exceed 70% of the flux density leading to core
saturation. If this criterion is not met, a series inductor is added and the algorithm returns to Eq.
C.1.
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The conductor diameter must be defined so that the skin effect can be neglected for
current harmonics around the switching frequency. It is adopted that the conductor diameter
must not exceed twice the cooper wire depth of penetration δp at this frequency. The depth of
penetration is given by:

δp =
ó

ρ

πµcufs

. (C.5)

Furthermore, the chosen conductor must comply with the maximum current density
(jmax). Therefore, parallel conductors could be necessary. The number of parallel conductors
can be determined as:

np = 4Imax

πjmaxd2 . (C.6)

Now it is possible to determine the conductors occupancy area and the the selected core
fill factor. Fill factor is the ratio of total conductor cross section to the area of the core window.
The conductors area is give by:

Ac = npNd. (C.7)

Hence, the fill factor (FF) can be obtained as:

FF = Ac/An. (C.8)

where Ah is the core area. According to the manufacturer toroidal core winding factors can vary
from 20-60%, where typical value in many applications being 35-40%. In this work a fill factor
of 40% is considered. If the design exceed this value the algorithm will return to the beginning
and select a core with higher maximum energy. Although, if there is no other core to select a
series inductor will be allocated.

C.2 Selected Inductors

The tables below present the construction parameters of the inductors selected by the
optimization algorithm.
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Table 14 – Chapter 5 selected inductors characteristics for normal and multifunctional operation.

Normal operation
Core Part Number 78094 78110 114040

Material XFlux Toroid XFlux Toroid Kook Mu E-cores
Inductance (mH) 0.31 0.54 0.7
Volume (mm³) 15600 20700 262000

Area (mm²) 134 144 1220
Path Length (mm) 116 143 215
Number of Turns 44 48 72

Number of Parallel Conductors 5 4 4
dc Resistance (mΩ) 9.54 8.78 7.97

k 542.7 542.7 34.20
α 1.194 1.194 1.541
β 2.015 2.015 1.988

Multifunctional operation
Core Part Number 78094 58110 58195

Material XFlux Toroid High Flux Toroid High Flux Toroid
Inductance (mH) 0.31 0.42 0.44
Volume (mm³) 15600 20700 28600

Area (mm²) 134 144 229
Path Length (mm) 116 143 125
Number of Turns 44 62 32

Number of Parallel Conductors 5 4 4
dc Resistance (mΩ) 9.54 14.01 8.01

k 542.7 246.5 181.1
α 1.194 1.311 1.378
β 2.015 2.218 2.218
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APPENDIX D – AC Winding Resistance
Calculation

The ac winding resistance calculation methodology is based on the techniques proposed
in Bahmani, Thiringer, and Ortega (2014), Bartoli et al. (1995) and Ferreira (1992). This method
is often referred as Ferreira’s expression given as:

Rw = NlRskin + Rprox(Nl
4Nl(N2

l − 1)
3 ), (D.1)

where, Nl is the number of layers. Rskin, and Rprox are given by:

Rskin = Rdcm
γ

2
ber2γber

′
γ + bei2γbei

′
γ

ber2γ + bei2γ
(D.2)

and

Rprox = −Rdcm
γ

22πη2 ber2γber
′
γ + bei2γbei

′
γ

ber2γ + bei2γ
. (D.3)

The Kelvin functions ber and bei are the real and imaginary parts of Bessel functions of
the first kind, respectively. Rdcm is the winding dc resistance in each layer. Also,

γ = d

δ
√

2
(D.4)

and

η = d

t

ò
π

4 (D.5)

where d is the round conductor wire diameter, t is the distance between two adjacent conductors
and ρ is the skin depth defined as:

δ =
ó

ρcu

πfµcuµ0
(D.6)
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where ρcu is the copper resistivity, µcu is the copper relative magnetic permeability and µ0 is the
vacuum permeability.

Fig. 61 presents possible models for ac winding resistance. Where L is the nominal
inductance, Rc is the magnetic core resistance, Rw and C are the inductor self-capacitance.

(a) (b) (c)

C

w
R

c
R L

w
R S

L
S

R S
X

Figure 61 – Inductor winding model: (a) lumped circuit; (b) equivalent series circuit; and (c)
equivalent series circuit when Rc << Rw at low frequency.

Fig. 61 - (a) lumped circuit impedance is described as:

XS = (Rw + Rc) + jωL(1 − ω2LC − C(Rw + Rc)2/L)
(1 − ω2LC)2 + ω2C2(Rw + Rc)2 . (D.7)

In Fig. 61 - (b) RS and XS are the real and imaginary parts of Eq. D.7. For powder
cores, core resistance are much lower than winding resistances and may be neglected (REATTI;
KAZIMIERCZUK, 2002; BARTOLI et al., 1995). Also, for frequencies much lower than the first
self-resonant frequency (usually in MHz order), the equivalent series reactance has an inductive
characteristic and can be expressed as an equivalent series inductance as depicted in 61 - (c). Fig.
D.1 presents an ac winding inductor example. It is possible to note that it is extremely important
to model high-frequency characteristics for the correct evaluation of power losses in inductors.
Fig. 62 presents an ac winding resistance result example.
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Figure 62 – ac resistance calculation example, extracted from (REATTI; KAZIMIERCZUK,
2002). With, Nl = 2, Rdc = 0.4242, d = 0.45, t = 0.65
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APPENDIX E – Optimal Inductors
characteristics

This appendix provides the essential information required for the implementation of the
non-linear model of the inductor, which was implemented in Chapter 4.

Table 15 – Chapter 4 implemented inductor characteristics.

a 0.0382812795454997
b 0.0179973286225475
c 0.000701216650615925
d 0.0706331225497646
e 0.000450176707480978
x 1.630

Path Length 243 mm
Number of Turns 129

Area 358 mm²
dc Resistance 37.7 mΩ
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