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por toda la ayuda prestada en el laboratorio, que no ha sido poca. A Carlos y Miguel
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Resumen

La evolución del sistema eléctrico está propiciando la aparición de nuevos condicio-
nantes en el escenario tradicional. Aśı, la presencia de fuentes renovables, generadores
distribuidos, soluciones para el almacenamiento de enerǵıa, sistemas inteligentes y la
proliferación de cargas no lineales, suponen una serie de nuevos retos para la operación
y la seguridad del propio sistema. La incorporación de estos nuevos actores trae de la
mano un cambio de paradigma: de un sistema centralizado hacia uno más distribuido.
En este nuevo escenario, los generadores se sitúan más cerca de los consumidores, pro-
piciando sistemas con un elevado nivel de autonomı́a energética que, en el caso ĺımite,
pueden llegar a ser independientes de la red pública. Surge aśı el concepto de mi-
crorred, enmarcado en el contexto de lo que hoy conocemos como redes inteligentes.
En estas nuevas redes, la incorporación de recursos distribuidos interconectados me-
diante convertidores de potencia juega un papel decisivo para la correcta operación del
sistema.

El presente trabajo se centra en la operación de convertidores de potencia conec-
tados a red en microrredes de corriente alterna. Se ha prestado especial atención
al problema de la variabilidad de la impedancia equivalente de la red aguas arriba del
punto de conexión en baja tensión de estos convertidores, relacionándolo con el impacto
que ocasiona en el comportamiento dinámico del sistema de control de estos disposi-
tivos. Las soluciones propuestas, basadas en técnicas de estimación de impedancia,
permiten implementar sistemas de control que reaccionan a cambios en la red y logran
la compensación en tiempo real de condiciones de desequilibrio. Para llevar a cabo
esta tarea, sólo precisan de la información de variables eléctricas medidas en el punto
de conexión, haciendo uso de la flexibilidad de los convertidores para generar señales
de excitación superpuestas a la componente fundamental. Además, la estimación de
parámetros de red brinda oportunidades relacionadas con la mejora de la eficiencia del
sistema, por lo que también se han propuesto soluciones de optimización basadas en la
operación de convertidores de potencia a frecuencia variable.

Esta tesis está organizada en seis caṕıtulos principales a los que se añade un caṕıtulo
final de conclusiones. Los dos primeros sirven para detallar la motivación, oportu-
nidades de investigación y el estudio del estado actual de la técnica. Esto proporciona
una visión general del problema a estudiar y del marco de trabajo, aśı como la enu-
meración de los principales retos a los que se enfrentan los convertidores de potencia
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conectados a red. Las contribuciones del presente trabajo, desarrolladas a lo largo de
los siguientes cuatro caṕıtulos, pueden resumirse en: 1) El desarrollo de una nueva
metodoloǵıa para el modelado de red, la cual permite expresar de forma compacta la
impedancia equivalente vista desde el punto de conexión del recurso distribuido. Esta
metodoloǵıa incluye a los sistemas de cuatro hilos y permite ser aplicada tanto en
condiciones equilibradas como desequilibradas. El modelo propuesto permite determi-
nar, mediante un sistema de representación en coordenadas estacionarias, la evolución
temporal de las tensiones/corrientes ante la conexión y desconexión de diferentes car-
gas locales; 2) La implementación de una técnica fiable para determinar la impedancia
equivalente de un sistema a frecuencia fundamental basada en la inyección de señales
de alta frecuencia. Esta técnica utiliza como fuente de excitación los propios conver-
tidores conectados a red; 3) Una estrategia de control, basada en la estimación de la
impedancia en el punto de conexión, capaz de compensar las componentes de secuencia
negativa y cero sin necesidad de los sensores adicionales que generalmente se emplean
para medir estas componentes; 4) La extensión de la metodoloǵıa de modelado de la
impedancia en redes pasivas, entendidas éstas como aquellas que no cuentan con con-
vertidores de potencia adicionales, a redes con distintos convertidores funcionando de
forma simultánea en paralelo. Este modelo se ha utilizado para proponer una técnica
de estimación alternativa de la impedancia, basada en la inyección de pulsos y en la
aplicación de un algoritmo de estimación RLS (del inglés, Recursive Least Squares); 5)
Una solución de optimización de la eficiencia del sistema que, basada en la estimación
de impedancia de red, hace uso de la operación del convertidor de potencia a frecuencia
de conmutación variable.

Todas las contribuciones han sido validadas, tanto en simulación como experimen-
talmente, en el laboratorio de sistemas de potencia del grupo de investigación LEMUR
de la Universidad de Oviedo.



Abstract

The evolution of the electricity system is leading to the emergence of new determi-
nants in the traditional scenario. Thus, the presence of renewable sources, distributed
generators, solutions for energy storage, intelligent systems and the proliferation of
non-linear loads, represent a set of new challenges for the operation and safety of
the system itself. The incorporation of these new players brings with it a change of
paradigm: from a centralized system to a more distributed one. In this new scenario,
generators are located closer to consumers, promoting systems with a high level of
energy autonomy which, in the extreme case, can become independent from the public
grid. This is how the concept of the microgrid arises, framed in the context of what
we know today as smart grids. In these new networks, the incorporation of distributed
resources interconnected by means of power converters plays a decisive role for the
correct operation of the system.

This work focuses on the operation of grid-connected power converters in the con-
text of AC microgrids. Special attention has been paid to the problem of the equivalent
impedance variability of the network upstream from the low voltage connection point
of these converters, relating this issue to the impact it causes on the dynamic behaviour
of the control system of these devices. The proposed solutions, based on impedance es-
timation techniques, allow the implementation of control systems that react to changes
in the network and achieve real-time compensation of unbalanced conditions. To carry
out this task, they only need the information of electrical variables measured at the
connection point, making use of the flexibility of the converters to generate excitation
signals superimposed on the fundamental component. In addition, the estimation of
network parameters provides opportunities related to the improvement of system effi-
ciency, so optimization solutions based on the operation of power converters at variable
frequency have also been proposed.

This thesis is organized in six main chapters to which a final chapter of conclusions
is added. The first two serve to detail motivation, research opportunities and the study
of the current state of the art. This provides an overview of the problem to be studied
and the context of this work, as well as a description of the main challenges faced by
grid-connected power converters. The contributions of this thesis, developed over the
next four chapters, can be summarised as follows: 1) The development of a new method-
ology for network modelling, which allows to express in a compact way the equivalent



X

impedance seen from the connection point of the distributed resource. This methodol-
ogy includes four-wire systems and can be applied under both balanced and unbalanced
conditions. The proposed model allows to determine, through a system of representa-
tion in stationary coordinates, the temporal evolution of the voltages/currents before
the connection/disconnection of different local loads; 2) The implementation of a reli-
able technique to determine the equivalent impedance of a system at the fundamental
frequency based on the injection of high frequency signals. This technique uses the
converters themselves as a source of excitation; 3) A control strategy, based on the
estimation of the impedance at the connection point, capable of compensating the neg-
ative and zero sequence components without the need for the additional sensors that
are generally used to measure these components; 4) The extension of the methodology
of impedance modelling in passive networks, understood as those without additional
power converters, to networks with different converters operating simultaneously in
parallel. This model has been used to propose an alternative impedance estimation
technique, based on pulse injection and the application of a Recursive Least Squares
(RLS) estimation algorithm; 5) A system efficiency optimization solution that, based
on network impedance estimation, makes use of the operation of power converters at
variable switching frequency.

All contributions have been validated, both in simulation and experimentally, in the
power systems laboratory of the LEMUR research group at the University of Oviedo.



Nomenclature

x Complex Vector.
~X Phasor.
x Instantaneous value.
X RMS value.
Xm Magnitude of the signal.
X Matrix of complex elements.
xαβ Complex vector in αβ reference frame.
xdq Complex vector in dq reference frame.
ωe Fundamental positive-sequence pulsation.
n Harmonic order.
ωn Pulsation of the nth component.
ωhf Generic high frequency pulsation.
uµg Inverter output filter voltage.
ug Utility grid voltage.
Un Magnitude of the nth voltage component.
ii Inverter-side injected current.
ig Grid-side injected current.
x+−
αβ Fundamental positive-sequence voltage/current in αβ reference frame.

x+−
dq Fundamental positive-sequence voltage/current in the dq reference frame.

xdq n Voltage/current in the nth dq reference frame.
x0 Zero sequence voltage/current component.
uhf Generic high frequency voltage signal.
ihf Generic high frequency current signal.
Zdqhf High frequency impedance.
|Zdqhf | High frequency impedance magnitude.
φZ High frequency impedance phase angle.
Li Inverter-side filter inductance.
Ri Inverter-side filter inductance.
Lg Grid-side inductance.
Rg Grid-side resistance.
Lm Phase inductive terms matrix.
Rm Phase resistive terms matrix.
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Zαβ0 Impedance matrix in the stationary reference frame.
Yαβ Admittance matrix in the stationary reference frame.
ΣZi Average impedance term.
∆Zi Differential impedance term.
ΣRi Average resistive term.
∆Ri Differential resistive term.
∆Rαβ Real and imaginary terms of the differential resistive term.
ΣXi Average reactance term.
∆Xi Differential reactance term.
∆Xαβ Real and imaginary terms of the differential reactance term.
ΣYi Average admittance term.
∆Yi Differential admittance term.
θie Unbalance angle.
φi Angle of the average impedance term.
P0 Average value of the instantaneous active power.
Q0 Average value of the instantaneous reactive power.
P1, P2 Instantaneous oscillatory power terms.
Ci Controller transfer function.
Hi Filter transfer function.
Gi Plant transfer function.
Kp Proportional term of the controller.
Ki Integral term of the controller.
X Variables vector in the RLS implementation.
W Coefficients vector in the RLS implementation.
P Covariance matrix in the RLS implementation.
g Adaptation gain in the RLS implementation.
λ Forgetting factor in the RLS implementation.



Abbreviations and acronyms

AC Alternating Current.
ANF Adaptive Notch Filter.
APF Active Power Filter.
BSF Band Stop Filter.
CSC Current Source Converter.
DC Direct Current.
DDSRF Double Decoupled Synchronous Reference Frame.
DPG Distributed Power Generation.
DG Distributed Generation.
DGU Distributed Generation Unit.
DSOGI Dual Second Order Generalized Integrator.
DSO Distribution System Operator.
DSP Digital Signal Processor.
D− FACTS Distribution FACTS.
D− STATCOM Distribution Static Compensator.
EMC Electromagnetic Compatibility.
EPS Energy Power System.
EU European Union.
FACTS Flexible AC Transmission Systems.
FCC Flying Capacitor Converter.
FLL Frequency Locked Loop.
FCC Flying Capacitor Converter.
HFSI High Frequency Signal Injection.
HVDC High-Voltage Direct Current.
IEC International Electrotechnical Comission.
IEEE Institute of Electrical and Electronics Engineers.
IIR Infinite Impulse Response (filter).
IGBT Insulated-Gate Bipolar Transistor.
LEMUR Laboratory for Electrical Energy Management Unified Research.
LF Loop Filter.
LUT Look-Up Table.
LV Low Voltage.
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MMC Modular Multilevel Converter.
MPPT Maximum Power Point Tracking.
NDZ Non-detection Zone.
NPC Neutral Point Clamped.
QSG Quadrature Signal Generator.
PCC Point of Common Coupling.
PD Phase Detector.
PI Proportional Integral (controller).
PQ Power Quality.
PLC Power Line Communications.
PLL Phase Locked Loop.
PSI Pulsed Signal Injection.
PV Photovoltaic.
PWM Pulse-Width Modulation.
RES Renewable Energy Resources.
RF Reference Frame.
RLS Recursive Least Square.
SOGI Second Order Generalized Integrator.
SF Switching Frequency.
SAPF Series Active Power Filter.
ShAPF Shunt Active Power Filter.
SRF Synchronous Reference Frame.
STATCOM Static Compensator.
SVM Space Vector Modeulation.
TDD Total Demanded Distortion.
THC Total Harmonic Current.
THD Total Harmonic Distortion.
UPFC Unified Power Flow Conditioner.
UPQC Unified Power Quality Conditioner.
VCO Voltage Controlled Oscillator.
VOC Voltage Oriented Control.
VSC Voltage Source Converter.
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Chapter 1

Introduction

1.1 Background

Traditionally, electric power systems have been operated in a centralized manner,
where generation is grouped in large power plants (Fig. 1.1), based mainly on fossil
resources or renewable energies such hydro and large wind or solar power plants. Those
power plants, which contribute to the overall system stiffness by their large inertia, are
connected to the transmission network and finally delivered to the consumers by the
distribution grid. Voltage levels are adapted by transformers, which first step-up the
voltage from the generation value to the high-voltage transmission levels. Downstream,
at the distribution grid, step-down transformers are used for the conversion to medium
and low-voltage levels required by the final consumers

However, the raise on energy demand during last decades and the concern about
CO2 emission and greenhouse effects, added to the growing need of producing more en-
ergy with same amount of resources, have fostered the entrance of new solutions in the
traditional electric system. In this new environment, energy efficiency, environmental
friendliness and operational security are the primary concerns. However, the intermit-
tent and unpredictable nature of the renewable sources may deprecate the generation
profile. Future plans for the electrical grid propose a change in the traditional orga-
nization, departing from a centralized approach to a distributed operation, in which
the generation sources are moved closer to the consumption zones, splitting the grid
into smaller autonomous areas in which the gap between generation and consumption
is guaranteed or, at least, reduced. This approach has driven the energy sectors to a
new scenario, where the smart and microgrid concepts are being successfully deployed.

Based on this situation, European Union (EU) has established very ambitious ob-
jectives for 2030: 32% of consumption from renewable energy generation, 40% of
CO2 emissions reduction (from 1990 levels) and an increase of 32.5% in energy ef-
ficiency [1.1, 1.2]. A key aspect to achieve these targets is to find effective solutions
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Figure 1.1: Traditional electricity grid

for integrating the distributed renewable generation, in particular: solar photovoltaic
(PV); wind; biomass and small hydro power into the current and the upcoming dis-
tribution systems. This new scenario requires not only new and innovative technical
solutions, but also suitable regulatory and economic schemes, as well as new manage-
ment tools. Moreover, considering that grid codes and power quality standards have
to be fulfilled in a more restricted way than in the past, it is crucial to find a right
balance between installing large scale renewable energy capacity today and its effective
integration in medium and low voltage grids in future.

All these aspects have boosted the introduction of renewable energy sources during
the last years. As commented before, the intermittent nature of its generation as
well as the need of power electronic converters has jeopardized even more the power
quality. However, the solution may be in the root of the problem; Power converters,
acting as active filtering systems, are feasible solutions to isolate and lately compensate
the harmonic distortion and unbalances from the grid. To do so, the power converter
requires a deep knowledge on the power system dynamics. A precise dynamic model
often requires the use of additional voltage and current measurements, that are in many
occasions difficult to obtain

It is in this context where microgrid, involving generation, load and regulation,
emerges as a key solution for the integration of distributed resources into the main grid,
coordinating the generation and the local consumption of a group of loads (Fig. 1.2).
According the definition provided by [1.3], a microgrid is a system composed by dis-
tributed generators, loads, energy storage and control devices, which may operate
independently from the main grid, with only one point of connection with it, but that
multiple microgrids may be interconnected between each others. These new grid ar-
chitectures allow to establish a faster response to local demand, reducing power losses
and improving system efficiency. However, increasing the number of power converters
to the detriment of synchronous generators connected to the grid, becomes an impor-
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Figure 1.2: Disposition of a traditional grid with the inclusion of microgrid systems

tant concern from the point of view of the power quality. It usually results in low
short-circuit ratio, high equivalent impedance and low inertia constant, i.e. weak grid
characteristics. In particular, weak grids lead to voltage fluctuations, which limit the
dynamic performance of power converters. Some of the major challenges concern to
grid synchronization, since voltage fluctuations might result in positive feedback mech-
anism which can provoke instability in the power converter performance, and also to
the power transfer capability of the grid, which affects on the stable operating range
of the power converter [1.4–1.6].

Grid impedance identification appears to be an effective solution to improve the per-
formance of the power converters within weak grids; By determining the grid voltage
at a remote and stronger point in the weak grid it is possible to solve the synchroniza-
tion issues and determination of the grid impedance allows to improve the dynamic
performance of the converter, by adapting its control parameters.

1.2 Motivation

The motivation of this work comes from the fact that, traditionally low voltage grids
were considered blind spots from the point of view of the grid operator. In the recent
years, distribution system operators (DSOs) have started to develop the monitorization
infrastructure of the low voltage grids, but a lot of work is still pending, mainly due
to the complexity of this type of networks; composed by a large number of small
consumers.

This lack of visibility was accepted under a traditional frame of large generators
feeding demand, as already explained. However, the growth of Distributed Generation
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Units (DGUs); the inclusion of new grid operators and the increase of much sensitive
residential equipments, based on power electronic devices, have triggered the evolution
to a new operation field with bi-directional power flows, islanding situations and har-
monic pollution, requiring efficient solutions based on renewable systems and power
electronics technology.

An adequate control of those filtering solutions requires a deep knowledge of the grid
dynamics. Nonetheless, due to the nature of low voltage AC-Grids, already mentioned,
extra sensors and monitoring devices are required both at load and converter side to
provide a good performance. Unfortunately, these devices are not always possible to
be installed at the convenient location due to technical or legislative limitations. This
aspect has induced the study of sensorless solutions to identify the system impedance
at the point of connection with the grid, as well as to determine the amount of energy
that the power converter should supply to the load without extra sensors acquisition.

Moreover the large growth of sensitive loads at low voltage side and the character-
istic of the aforementioned microgrids have induced the study of new grid modelling
techniques, to facilitate the accommodation of distributed generation units without
compromising the stability limits of the grid.

Additionally, a large number of contributions have appeared in literature in the past
years, based on the optimization of the generation units locations and the optimization
of the dispatching resources in the search of a coordinated behaviour of the power
converters within the microgrid. However, converters are not operated at rated level
the majority of the cases. Evaluation of the converter performance based on the actual
conditions, based on the grid requirements and load levelling is not studied into deep.

Finally, the lack of a compact modelling tool that links the existent and variable
grid impedance at distribution levels with the positive, negative and zero sequence
voltage/current components, light enough to allow the identification in real time solely
relaying on converter-side sensors; triggers an interesting opportunity to explore the
possibilities of improving the converter compensation capabilities based on impedance
estimation solutions.

1.3 Objectives

Based on the aforementioned, the challenges and objectives of the thesis are follow-
ing enumerated:

I. A deep state-of-the-art review derived from the motivation and thesis objectives,
covering the following aspects:

– Review of the main power quality issues as well as the regulatory aspects
which limits the harmonics emission of electronic devices at the PCC.
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– Review of the main harmonic and reactive power compensation solutions
present in the industry in order to find a feasible solution for the application
required in this work.

– Review of the traditional converter topologies as well as the technical re-
quirements for the synchronization with the grid, assuring an adequate per-
formance.

– Review of the main impedance estimation solutions present in the literature.

II. Develop of alternative impedance estimation solutions that can be implemented
using only converter-side sensors, able to work together with the power converter
normal operation while inducing the minimum distortion in the system and
considering the existence of multiple parallel-connected converters.

III. Analysis and development of a modelling tool able to express the grid impedance
terms with the corresponding voltage and current sequence magnitudes. This
expression, defined both in synchronous and stationary reference frame, has to
be dynamically adapted to allow an online implementation. Additionally, the
proposed methodology should be able to be compared to the instantaneous power
theory as a reference framework.

IV. Development of a solution, based on a sensorless technique, for unbalance com-
pensation . The solution will be able to determine the negative and zero sequence
currents present under an unbalance situation, without the need of additional
measuring equipment from either the load or the grid side, only with the con-
verter measurements, the controller will be able to provide the required energy
for the compensation, as well as the active and reactive current of the grid.

V. Development, analysis and integration of a grid impedance estimation solution
of a system with multiple power converters operating in parallel. The solution
will be able to perform under real time operation and provide an estimation in
the four quadrant operation for both balanced and unbalanced conditions.

VI. Explore the possibility of improving the global efficiency of three-phase
converter-based distributed resources (DR) embedded in low-voltage distribu-
tion feeders, by the adaptation of their switching frequency (SF) to the operation
point of both the converter and local loads. Leaving room for a global optimiza-
tion of the power losses, i.e., converter losses will be considered together with
those losses caused by the current harmonics injected into the local grid.

VII. Simulation and experimental validation. One major objective will be the val-
idation of the proposed solutions in the work. Simulations will be carried on
under then MATLAB® and MATLAB/Simulink®. The experimental valida-
tion will be performed under a controlled environment within the laboratory of
the LEMUR researching group of the University of Oviedo, Spain.
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1.4 Contributions

The contributions achieved from the work presented in the thesis are briefly sum-
marized as follows:

A System Modelling Tool [JC2],[JP2]

The main contribution is found in the grid modelling solution, which provides an
analytical expression for the positive, negative and zero sequence magnitudes depend-
ing on the grid impedance and the unbalance conditions. An analysis of the voltage
and current sequences resulting from the fluctuations of the impedance of the system
and from the voltage unbalances have also performed, proving the behaviour of the
modelling solution is feasible to be used under different operation conditions.

The adaptation of the model to be implemented under real time operation, based
on the measurements from the converter side at the point of common coupling with
the grid. An expression for the admittance of a generic system, enabling to obtain the
corresponding current draw by the system, which may allow the use of the mentioned
algorithm as a tool for sensorless estimation technique. The analysis of the traditional
instantaneous power theories in literature has been addressed to provide an expression
for the power magnitudes based on the impedance conditions and provide a full range
of application of the modelling tool.

Grid Impedance Estimation Solutions [JC3],[JP2]

The second contribution is found within the application frame of the modelling tool,
proving to work under two different approaches:

1. Grid impedance estimation for passive networks, considering only passive loads
connected at the point of common coupling and consequently with a constant
impedance magnitude at a specific frequency;

2. Grid impedance estimation for active networks, where multiple converters are
operating at same time and providing different levels of energy. For this case,
the equivalent impedance magnitude is changing according the power references
of the converters.

Two different impedance estimation techniques have been also proposed, in the case of
the passive elements, the zero and negative sequence terms are determined based on the
estimation performed via a high frequency signal injection solution. The study of the
control loop stability required for the elimination of the disturbance sequences and the
signal isolation to determine the impedance at both frequencies have been also studied,
as well as the criteria to determine the frequency of injection and the magnitude of the
signal to be injected, to be within the distortion limits.
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For the case of the active elements, the modelling tool has been used in an online
impedance estimation technique based on pulsed signal injection technique to excite the
grid elements and a recursive least square algorithm is used to perform the estimation.
The results extracted from the algorithm are compared with the ones derived from
the proposed modelling tool, to clarify the validity of the proposal. An expression
linking both the converter power references and the impedance terms is also provided,
proving to be a reliable estimation solution at four quadrants operation and under both
balanced and unbalanced conditions. The validity of both proposals is demonstrated
with both simulation and preliminary experimental results.

Grid Efficiency Enhancement Proposal [JC1],[JP1]

The last contribution is related with the power converter efficiency, based on the
adaptation of the switching frequency according the grid impedance and the load level.
It has been presented an operation strategy for distributed resources based on the use
of an adaptive switching frequency framework in the grid-tie converter with the aim
of achieving an overall improvement of the efficiency within the local energy power
system.

The technical and regulatory constrains which may limit the selection of the switch-
ing frequency have been also addressed. An online optimization strategy to adapt SF
based on the load conditions and impedance of the system has been proposed. The
solution has been supported both with simulations and experiments.

1.5 Publications

The publications derived from the work presented in this thesis are summarized in
the following journal and conference publications.

1.5.1 Peer-reviewed Journal Papers

JP1 J. M. Cano and Á. Navarro-Rodŕıguez and A. Suárez and P. Garćıa, ”Variable
Switching Frequency Control of Distributed Resources for Improved System Ef-
ficiency,” in IEEE Transactions on Industry Applications on, vol. 54, no. 5, pp.
4612-4620, Sep. 2018.

JP2 A. Suárez-González and P. Garćıa and Á. Navarro-Rodŕıguez and G. Villa
and J. M. Cano, ”Sensorless Unbalance Modeling and Estimation as an Ancillary
Service for LV Four-Wire/Three-Phase Power Converters,” in IEEE Transactions
on Industry Applications on, vol. 55, no. 5, pp. 4876-4885, Sep. 2019.



8 Introduction

1.5.2 Peer-reviewed Conference Papers

JC1 J. M. Cano and A. Suárez and Á. Navarro-Rodŕıguez and P. Garćıa, ”Improved
efficiency of local EPS through variable switching frequency control of distributed
resources,” in 2016 IEEE Energy Conversion Congress and Exposition (ECCE),
2016 IEEE, Sept. 2016, pp. 1-7.

JC2 A. Suárez-González and P. Garćıa and Á. Navarro-Rodŕıguez and G. Villa
and J. M. Cano, ”Sensorless unbalance correction as an ancillary service for LV
4-wire/3-phase power converters,” in 2017 IEEE Energy Conversion Congress
and Exposition (ECCE), 2017 IEEE, Oct. 2017, pp. 4799-4805.

JC3 A. Suárez and C. Blanco and P. Garćıa and Á. Navarro-Rodŕıguez and J.
Manuel and C. Rodŕıguez, ”Online Impedance Estimation in AC Grids Consider-
ing Parallel-Connected Converters,” in 2018 IEEE Energy Conversion Congress
and Exposition (ECCE), 2018 IEEE, Sep. 2018, pp. 5912-5919.
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1.6 Thesis Structure

The dissertation is organized in six chapters and seven appendixes as follows:

Chapter 1 presents a brief background and the motivation that has propitiated
this work. Additionally, the fundamental objectives of the thesis and its most essential
scientific contributions are highlighted.

Chapter 2 includes a literature review on the use of power converters in modern
grids. A brief introduction to power quality is provided, and the role of power con-
verters in this context is addressed. A description of the most common types of power
converters topologies is also provided together with an outline of the most widely used
control methods. An especial focus is given to grid-tied power converters, and their in-
herent capabilities to provide unbalance and harmonic compensation in non-ideal grids.
Furthermore, the importance of grid impedance estimation techniques for power con-
verter integration is highlighted in this chapter and a deep review of existing methods
is conducted.

Chapter 3 introduces an impedance modelling technique and the procedure to
obtain a suitable and elegant expression which links grid impedance with the positive,
negative and zero sequence voltage and current magnitudes, both in the time and the
frequency domain. An extension of this modelling technique, capable of being imple-
mented in the context of the instantaneous power theory, is also provided. Eventually,
simulation results are presented to support the mathematical apparatus presented in
this chapter.

An adaptation of the impedance modeling tool presented in the previous chapter
is used in Chapter 4 in order to develop a new sensorless impedance estimation
technique. The limitations faced when trying to perform an accurate estimation of grid
impedance are described and a new method, based on the injection of high frequency
signals, is presented as a solution to overcome those hurdles. ´-Detailed explanations
on the implementation issues related with the proposed sensorless technique and the
underlying impedance model are included. Simulation and experimental results are
introduced to support the discussion. The estimated impedance is used to obtain the
negative sequence current reference which allows the power converter to compensate for
the unbalance of the system in the context of a grid with passive loads. Finally, stability
control issues and practical considerations on the injection of the high frequency signals
are provided within the chapter.

Chapter 5 might be considered as an extension of Chapter 4, with the aim of
including the role of active loads. The new impedance modelling technique is used
now to determine the equivalent grid impedance of a system with embedded power
converters. Here, the modelling tool is used together with a recursive least square
algorithm in order to derive grid impedance estimations. In this case, a pulse signal
injected by the converter is used as the excitation which triggers the estimation method.
Simulation and experimental results are provided to support the validity of the method.
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Extensive tests to prove the validity of the impedance model of the converter based on
its power references under four quadrant operation are conducted.

A proposal to improve the efficiency of low voltage distribution systems with em-
bedded power converters is presented in Chapter 6. The method is based on the
operation of power converters at variable switching frequency, in order to achieve a
global optimization of the losses in the local system, including both converter and line
losses. The proposal takes into account the effect of a variable switching frequency on
converter switching losses and its impact on the harmonic distortion causing conduc-
tion losses on the local system. The thermal limits of the converter devices are also
included into the problem. The method is presented in this chapter with the support
of simulation and experimental results.

The conclusions drawn from this dissertation are presented in Chapter 7, which
also includes proposals to go further on the research lines addressed in this work.
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Chapter 2

Literature Review and State
of the Art

2.1 Introduction

Electric power systems (EPSs) have evolved and changed drastically in last decades. Mod-
ern societies are strongly dependent on the quality, reliability and availability of energy. New
actors are involved, including smart communications, storage solutions, different renewable
energy technologies and definitely new innovative solutions on grid architectures. This new
environment may jeopardize the performance of the grid in its main objective: to meet the
growing demand. Traditional matters on system security, power quality and cost of supply
require a retrofit to cope with modern aspects impacting on environmental protection and
energy efficiency. These aspects are included in the definition of smart grid [2.1], consisting
on an intelligently integration of all actors connected to the system.

The increased penetration of renewable energy sources and sensitive loads, the growth of
the microgrid concept, inducing bi-directional power flows, the presence of harmonic pollution
and unbalanced loading or voltage sags at LV side, have made the use of similar power quality
solutions, as the ones already present at higher voltage levels, necessary. Contributions in
the active filtering field, intelligent monitoring, control or communications have already been
proposed at transmission and primary distribution grids; however, few of these proposals have
been properly implemented at LV levels.

In summary, distribution system has evolved to an active system; generation units are
distributed and a more precise control and knowledge of the grid is required. Different solutions
to accomplish quality, stability and reliability levels need to be considered. Power quality
issues such unbalances or harmonic distortion must be kept within acceptable ranges. Grid
dynamics is a key-issue for operating and controlling grid-connected converters, especially
within a microgrid and smart grid environment [2.2]. The smart and microgrid paradigm
presents new challenges such new grid topologies, the presence of sensitive loads, harmonic
pollution and stability issues as consequence of reduced system inertia. All these challenges
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have to be addressed with the enhanced performance of the power converter control as a
key-factor of a microgrid environment.
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Figure 2.1: Schematic of a typical LV grid

A microgrid is conceptually considered as a small scale grid, formed by distributed gen-
erators, energy storage systems and loads, which are interconnected among them and hier-
archically controlled. However, distributed generation has been gradually integrated in the
traditional system, and in the majority of the cases, as supplementary energy source. The
lack of a structured plan for the deployment of the distributed energy resources, few specific
international standards still in their infancy, [2.3], together with reduced interoperability with
the grid operator, leads to a limited operation of the microgrid concept. This configuration is
illustrated in Fig. 2.1, where it is shown a simplified example of a LV grid. The main voltage
profile is set by a large traditional power plant, which is providing complementary robustness
to the system. Nonetheless, the technical improvement along the recent years, have proved
that modern Distributed Generation Units (DGUs) present a higher controllability degree
than traditional generators, enabling the possibility of contributing to system stability by the
use of ancillary services and, particularly, reactive power injection and voltage support, [2.4].
Additionally, the improvements in the storage technologies have contributed to increase the
efficiency of renewable resources, opening the door for the inclusion of microgrids within the
traditional distribution system. This new paradigm requires intensive research effort to cope
with the challenges that such advanced distributed systems require.

The connection of non-linear loads such switch-mode power supplies, lightning systems,
data-processing equipment and different power electronic devices result in a deprecation of the
power quality service. Grid-tied power converters may be a source of harmonic pollution but
also a solution, thus, harmonic limit emission and regulatory constrains need to be addressed
to establish the operational limits of converters. This also might open a door for efficiency
enhancement, based on the regulatory limits and the operating condition of the converter.
In this regard, the study of alternative modulation schemes and strategies that contribute to
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reduce converter losses and harmonic emission, within those regulatory constrains, needs to
be reviewed.

Wind and photovoltaic power plants are the most suitable renewable energies to be in-
tegrated in microgrids. Considering the integration of small-scale distributed resources into
the LV grid, the energy path between the generation point and the final user can be largely
shortened, thus contributing to a reduction in the overall distribution energy losses. However,
it requires the coordinated control of an increased number of generation systems, demanding
for an improvement in the hierarchical control system. Depending on the grid conditions,
every converter must assume a role, providing different supportive functionalities.

A high penetration level of power converters into the grid results in a system inertia
deprecation. The rotating components of traditional synchronous generators contribute to
maintain the system robustness, responding to grid transients in a stabilizing way. However,
within a system with fewer presence of synchronous generators, stability challenges are known
to appear, limiting the reactive power flow and the voltage quality profile. Thus, additional
controls algorithms, which provide power converters with the inertia features of synchronous
generators, are demanded. Additionally, the same lack of inertia requires power converters to
have control synchronization algorithms which allow to keep them permanently synchronized
with the grid. These control algorithms have to be able to work under different distorted and
unbalance conditions, maintaining converter synchronization at any instant.

LV grids have a predominant resistive profile, as opposed to higher voltage grids, which
present a behaviour mainly inductive. This implies that many of the solutions already working
in transmission or primary distribution levels need to be re-addressed to satisfactorily work at
LV levels, as it might be the case of droop control algorithms. In this regard, impedance esti-
mation is presented as a key factor to enhance the performance of such control algorithms but
also for the integration of new distributed generation units. Additionally, impedance estima-
tion techniques offer opportunities in the field of unbalance compensation. By identifying the
grid impedance magnitude, it is possible to determine the compensation current magnitude
and eliminate the unbalance. Therefore, impedance estimation solutions need to be studied
to determine which might be adopted for the requiring purposes.

According to the considerations mentioned above, this chapter covers the state of the art
for the most relevant topics related with the integration of distributed resources into the LV
grid. Within the vast number of research lines, the focus is kept here on control strategies for
grid-tied power converters. The chapter is distributed as follows: firstly, power quality issues
are described. Starting with a review of general power quality problems, the focus is shifted
towards the impact of switched power converters. A definition of instantaneous variables is
provided together with a brief review of the instantaneous power theory. Harmonic regulation
as well as mitigation techniques, both passive and active, are discussed. Even if power quality,
as a field of study, is not the major topic of the present research, the particular impact of
microgrids distribution systems has been included. A review of power converters operating
mode is conducted, with an especial focus on the voltage source configuration as the most
widely used in practical applications and the one considered throughout this work. The major
intention is to provide an overview of this self-commutated converter, starting from the most
common topologies present in industry, as well as a review of the most promising modulation
techniques available in literature. This analysis also includes the traditional current and
voltage control loops required to achieve an adequate performance. Efficiency aspects are also
considered in this section as a part of the converter operation, highlighting the major fields of
efficiency enhancement and some of the available solutions present in literature. The analysis
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of the converter within a microgrid system is then addressed, starting from the hierarchical
control algorithms required to establish priorities within a system with large penetration of
power converters. The main drawbacks resulting from this aspect are also described, making
special emphasis on the control solutions used to provide synchronization features, as well as
on the main control algorithms used to provide enhanced inertia to the system and unbalance
compensation support. Finally, the chapter is closed with a deep review of the main impedance
estimation techniques available in literature, as a key-factor for the control and integration of
grid-tied converters within microgrids.

2.2 Power Quality Aspects

Power Quality (PQ) definition has been addressed from different perspectives. It can
be understood as the resultant combination of the voltage and current quality [2.5], which
is the definition proposed by the Institute for Electrical and Electronics Engineers (IEEE)
standardization group [2.6]. Based on this, voltage quality may be divided into:

• Steady-State Voltage Quality Characteristics: referring to the quality of the
normal voltage supplied to a facility.

• Disturbances: considering inside this group the voltage quality variations that occur
at random intervals and are not associated with the continuous characteristics of the
voltage, such as sustained interruptions, momentary interruptions, voltage sags (and
swells), and transients.

On the other hand, PQ can also be understood as an Electro-magnetic Compatibility
(EMC) issue, [2.7], which corresponds with the definition proposed by the International Elec-
trotechnical Commission (IEC). At this matter, IEC establishes a classification of the main
electromagnetic phenomena in IEC 61000-2-5:2017 [2.8] which is shown in Table A.1.

In either case, although definitions differ, the main concern is the susceptibility of elec-
trical power system. According to this, IEEE Std 1159-2009, [2.9], proposes an extensive
classification of the PQ disturbances based on the harmonic spectrum, the duration and the
amplitude of the induced electromagnetic phenomena. An alternative classification, based on
the previous one and considering only the duration of the disturbances is proposed, [2.10]:

• Transients: including switching of small magnitude loads and atmospherics events
(wind, ligthning strokes or rain), which results in short time variations of the voltage
and current of the system.

• Temporary: related to overloaded transformers, or faults that generally last one
minute or less. Considering within this group such voltage deviations like voltage sags
or swells

• Long duration or steady state: encompasses voltage deviations for periods longer
than one minute. This group gathers such PQ disturbances concerning voltage fluctua-
tions (flickering), voltage or current unbalances and waveform distortions such harmon-
ics or notching.

It is in this latter group, where the large presence of non-linear loads and distributed
generation in modern power systems offers significant challenges on the PQ field.
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Voltage and frequency disturbances are major concerns in microgrid systems. Stability
issues are known to appear due to the lack of inertia of this type of systems, leading to
frequency fluctuations. On the other hand, voltage deviations are mainly result from load
or voltage regulation variations. Frequency is conditioned by the balance of active power,
meanwhile, voltage is affected by both the active and reactive power flow, depending on
the grid impedance X/R ratio. For satisfactory conditions, frequency should remain nearly
constant. Indeed, a frequency drop may result in high magnetizing currents in industrial loads
and transformers, ending up in transformer’s saturation and increased harmonic pollution
[2.11, 2.12]. Norm UNE-EN-50160:2010/A1:2015 [2.13] establishes that frequency variations
must be within a range of 50 Hz ±0, 1 Hz during 100 % of the time. On the other hand, same
norm establishes the voltage deviations must be within a range of ±10% from its RMS value.

Unbalance mitigation has also attracted the attention of the recent studies in PQ issues. It
concerns to the presence of negative sequence components in the three-phase voltage supply.
This type of disturbance results from the connection of single-phase loads in three-phase
systems. On this matter, IEC 61000-2-2:2002 [2.14] specifies a compatibility level of 2% for
voltage imbalance, recognizing that systems with large single-phase loads may have voltage
imbalance levels as high as 3%. EN 50160:2010/A1:2015 [2.13] requires that utilities maintain
voltage imbalance less than 2% for 95% of the 10 min samples in 1 week. For systems with
significant single-phase loads, the imbalance can be as high as 3%.

Considering the large impact that harmonic distortion can have on electricity, various
organizations have developed norms and lists of guidances for applications of the maximum
harmonic emission within the public system. The IEC has established the international norms,
IEC 61000-3-2:2018 [2.15], which limits the emission of harmonic currents of those equipment
which input current is below 16 A per phase. Equipment with input currents above 16 A and
below 75 A are subject to the norm IEC 61000-3-12:2011 [2.16]. Both norms are linked with
IEC 61000-2-2, which establishes the EMC limits for electrical equipment connected to the
public system.

For the case of IEC 61000-3-2-:2018, a set of limits depending on the equipment class are
established, and included in Appendix A. The maximum harmonic current distortion accepted
is calculated according to (2.1).

THC =

√√√√ 40∑
h=2

I2
h (2.1)

Similar expression for the Total Harmonic Distortion is calculated based on (2.2)

THD =

√√√√ 40∑
h=2

(
Ih
I1

)2

(2.2)

Based on the class of the equipment and the maximum currents, the values of the emission
are depicted in Appendix A. The same appendix gathers all the tables for the case of the IEC
61000-3-12:2011.

IEEE standardization group, has worked on a list of guidances to mitigate the presence of
current harmonics, gathered in IEEE Std 519-2014, [2.17]. More than a norm, it consists of a
set of practical rules, that establish goals for the designing of the electrical systems, including
both linear and non-linear loads. The general structure is similar to the already presented
norms, providing limits for the maximum current emitted. The same type of limits is based in
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this case on the short-circuit current at the Point of Common Coupling (PCC) with the grid.
Additionally, the concept of Total Demanded Distortion (TDD), shown in (2.3), is defined,
based on the maximum demand load current at the PCC (IL). The tables and the terms
definition are included in Appendix A.

TDD[%] =

√∑h
h=2 I

2
h

IL
(2.3)

2.3 Review of the Instantaneous Power Theory

The presence of non-linear loads and transient grid faults are sources of harmonic distortion
and voltage unbalanced. The need of a control tool for power converters under such generic
grid conditions, leaded to Akagi to formulate his theory in the 80’s [2.18], being since then
widely extended for control converter applications. This theory starts from transforming the
instantaneous variables into the αβ-reference frame. This transformation is widely described
in Appendix C. Based on the aforementioned transformation and according to [2.19, 2.20],
the theory states that the instantaneous power resulting from the interaction of the voltages
and currents vectors may be described as the inner and cross product of the instantaneous
voltage and current vectors, which results in the p and q terms, respectively.

The physical meaning of every term is understood as the total instantaneous energy flow
between two systems in the case of the active power p. Meanwhile, the imaginary power q
is proportional to the quantity of energy that is being exchanged between the phases of the
system but it does not contribute to the energy transfer between the source and the load.
Since these terms are resulted from instantaneous variables, the theory is both applicable
during transients and steady state conditions.

The initial formulation was proposed for three-phase systems. However, its application
over four-wire systems was not a straightforward step and that induced the appearance of
multiple formulations of the initial theory [2.21].

2.4 Reactive Power Compensation and Harmonic
Filtering Solutions

Reactive power compensation addresses mainly two aspects: voltage support, to reduce
fluctuations at a given terminal; and load compensation, to increase power factor of the line
and compensate voltage drops [2.22]. Traditionally, at high voltage levels, mainly employed at
the transmission system, the connection of large banks of capacitors, located at substations, is
a satisfactory solution for losses reduction and power factor enhancement, which contributes
to provide voltage support across the lines. However, in LV systems with larger presence
of non-linear loads, this solution might be inefficient, since it may generate a circuit tank,
together with the impedance of the line, inducing a resonance at a certain frequency likely to
coincide with one of the harmonics injected by the load [2.10].

On the other hand, the voltage harmonic distortion is mostly present in the system because
of the nonlinear customer loads that are served. These loads draw harmonic currents that
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interact with the system impedance to create voltage distortion. Thereby, it is usually a local
phenomenon, thus cancellation of such harmonic pollution can be achieved by a filtering action
within a selected bandwidth, in the vicinity of the harmonic source (passive filtering) or as
a result of a real-time monitoring process that leads to the injection of real-time cancelling
harmonic currents (active filtering). According to this, solutions can be split into:

• Passive filtering: the filter is tuned at certain frequency, drawing the harmonic cur-
rents at the specified frequency out of the system. This is a traditional configuration,
which is largely extended at high voltage levels.

• Active filtering: Power converter based filtering. It is a more versatile solution than
the passive alternative due to the enhanced capabilities regarding the dynamic response
and the harmonic compensation flexibility.

2.4.1 Passive Filtering

Composed by passive elements, its robust performance and economical prize have make
them attractive solutions to cope with PQ disturbances. Passive filters are highly extended
in industry and can be found in two configurations: shunt and series. The former are mainly
oriented to provide voltage support and harmonic cancellation; meanwhile, the latter are
used to increase transmission power capabilities [2.11, 2.23–2.25]. Different topologies and
structures of both configurations are presented in the following sections.

2.4.1.1 Series Compensation

Series passive filters are quite common in transmission systems, since the actual transmit-
ted power is ultimately controlled by the series line impedance and the voltage angle between
every terminal in the line. Series capacitive compensation was introduced to shorten the
reactance of the line and increase the transmition power capability [2.25–2.27].

The basic principle of series compensation is illustrated in Fig. 2.2 (a), which represents a
generic power line interconnecting two sources, Vi and Vo. The phasor diagram of the system is
also included. The current demanded by source Vo proves to have an inductive profile, meaning
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Figure 2.2: Basic Principle of Series Compensation. (a) General schematic of the series disposition within
a generic system and the phasorial diagram of the system. (b) Schematic including series compensation and
the phasorial diagram of the resultant system.
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Vi must provide reactive power to assure the proper operation. However, the presence of the
reactive current along the line might result in a power line overload or a reduction of the
power flow capabilities. Nevertheless, if reactive power is supplied near the source Vo, the line
current can be reduced or minimized, reducing power losses and improving voltage regulation
at the output terminals. A possible solution might consists in installing a series compensator,
which provides the reactive energy demanded by Vo. This case is illustrated in Fig. 2.2 (b),
where an additional source, Vc is interconnected between Vo and V ′o . This makes Vi is only
responsible to provide the active current demanded by the source Vo, corresponding to Ip,
being Vc responsible to provide the reactive component demanded by V ′o .

Some common series configurations are illustrated in Fig. 2.3.
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Figure 2.3: Passive Series Connection Filters. (a) Series Capacitor; (b) Series Inductor; (c) Low Pass
Filter; (d) Series Resonance tank.

• Series Capacitor: shown in Fig. 2.3(a), contributes to reduce the inductance effect of
the line, in transmission level, increasing the power transfer that can be transmitted.
Moreover, they are self-regulated, i.e. the voltage supporting effect increases propor-
tionally to the power flow [2.11, 2.25]. However, this configuration shows important
disadvantages that limit their practical applications. Thus, unbalance conditions, and
especially fault currents, can rise the voltage across them several times its rated value.
Therefore, these devices require a sophisticated and expensive protection system able
to by-pass them during certain contingencies. Moreover, the capacitor must be robust
enough, to withstand the rated current of the line.

• Series Reactor: Fig. 2.3(b) shows the basic configuration of a series reactor. By
changing the reactor value it is possible to slightly attenuate some harmonics and im-
prove the power factor. It is a cheap solution and, due to the inductive nature of the
power system, cannot be blamed for creating resonance conditions [2.28].

• Low Pass Filter: Fig. 2.3(c) This topology is able to eliminate all frequencies above
the resonant frequency. The main inconveniences are found on the deep knowledge of
the grid harmonics required to obtain a good performance of the system.

• Series Resonance Tank: Fig.2.3(d) is a resonant series filter, it traps the currents of
the tuned frequency, without inducing any resonance apart.
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Series filtering solutions allow for controlling the power flow in the line by adjusting the line
equivalent impedance, either by capacitive, Fig. 2.3(a) or inductive, Fig. 2.3(b) compensation.
Additionally, they can improve the line harmonic content by offering a high impedance path
to prevent undesired harmonic currents to flow through the system (Fig. 2.3(c)-(d)). However,
they also must carry full load line currents and require isolation for full line voltages. For all
this, shunt filters are a more extended solution.

2.4.1.2 Shunt Compensation

This configuration is able to provide both voltage support and harmonic cancellation. In
such case, since harmonic pollution is considered a local phenomena, filters need to be installed
close to the harmonic sources [2.29, 2.30]. Advantages of this topology can be found on its low
price, easy design and robust performance, being for these reasons quite spread in industry.

The basic principle of shunt compensation is shown in Fig. 2.4, which depicts a similar
AC-Grid schematic. V0 is a reactive power consuming source connected through a power
line to Vi. The reactive energy must be provided by Vi, this might overload the source and
increase the losses in the line. To reduce the reactive current supplied by the source, shunt
compensation is feasible by connecting a capacitor which attenuates the reactive component
of the current. In this case, the compensator is represented by a current source connected
in parallel with V0. Phasor diagrams for the system with and without compensation are also
included.
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Figure 2.4: Simplified schematic of shunt compensation. (a) AC system without compensation; (b) AC
system with shunt compensation.

In the system without compensation, Fig. 2.4(a), reactive current is provided by Vi. The
dashed line represents the extra voltage required to achieve V0 demands, in comparison with
the compensated system shown in Fig. 2.4(b). In there, reactive current component is then
supplied by the compensator, reducing the Vi magnitude.

Fig. 2.5(a) and Fig. 2.5(b) shows two types of shunt passive filters, which basically consist
in band-pass filters, connected in parallel with the AC-Grid. These are adequate solutions if
the load does not present substantial variations; becoming highly unstable, even dangerous,
if large changes arise in the system [2.24, 2.29, 2.31]. The size of the capacitor is selected in
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Figure 2.5: Passive Shunt Connection Filters. (a) Single Tuned Filter; (b) Second-Order Damped Filter;
(c) Third-Order Damped Filter; (d) C-Type Damped Filter.

order to provide an acceptable power factor at grid frequency. The tuning design is based
on the resonant frequency of the filter, hi, which is the frequency at which inductive and
capacitive reactance cancel each other. Resonant frequency can be expressed according to
equation (2.4), where hi is expressed in hertz, L is the filter inductance in henry and C
represents the filter capacitance in farad. Regarding the quality factor of the filter, Qf , which
relates the capability of a filter to dissipate or absorb energy at the tuned frequency, it is
expressed according to (2.5a). This magnitude provides information of the sharpness of the
tuning and consists of a ratio of the tuning frequency and the bandwidth of two frequencies
which are placed opposite at the resonant one (ω0), and differs each other −3 dB. Quality
factor can be also expressed as (2.5b), in terms of the inductive reactance, XL = 2πhiL,
the capacitive reactance, XC = 1/2πhiC, and the R term. This last term typically consists
only in the resistance of the inductor, although additional resistances can be included to limit
the maximum current flowing through the filter. Typical values of Qf in transmission levels
fluctuate between 15 and 80. However, this ratio, in low-voltage systems, ranges between 3
and 7 [2.10].

hi =
1

2π
√
LC

(2.4)

Qf =
ω0

ω1 − ω2
(2.5a)

Qf =
XL
R

=
XC
R

(2.5b)

Alternative topologies are the third-order and C-type damped filters, shown in Fig. 2.5(c)
and Fig. 2.5(d), respectively, which include two capacitors, one in series with the resistance
and the other one with the inductance. They can be classified as double tuned filters, thus
providing the capability to filter two harmonic components simultaneously.

Single-tuned resonant filters only comprises LC components and thus, the cost of the in-
vestment and power losses are lower than that of damped filters with same capacity. Moreover,
the former imply a simpler design stage. Additionally, single-tuned approaches prove to be
efficient in the vicinity of the harmonic source, but it has to be considered, that the interaction
of the filter with the source impedance results in an additional resonance peak, which falls
slightly below the filter tuning frequency and can be calculated as (2.6), where LS represents
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the inductance of the system.

h′i =
1

2π
√

(L+ Ls)C
(2.6)

According to (2.6), the paralleling resonance-peak can experience a shift every time a change in
the installation takes place, like the disconnection or connection of an additional transformer
in a substation. This might result in a detuning action of the filter. If the parallel-resonance
peak, placed at h′i, shifts in such a way that it aligns with the frequency of a characteristic
harmonic of the load, it can result in undesired harmonic voltage amplification, producing
overvoltage stresses on solid insulation of cables and on machine windings [2.10]. For such
reasons, single-tuned filter solutions are mainly suitable for systems with not many harmonics
distributed on wide frequency range [2.31, 2.32].

2.4.2 Active Power Filters

In general terms, Active Power Filters (APFs) are DC/AC or AC/DC/AC grid-tied power
electronics based converters used for grid quality enhancement, which should behave as a
linear current/voltage source. However, APFs consist of a power circuit, based on different
configurations of switches and passive components, which are not linear. At this point, it
has to be accepted that the delivered voltage/current will be built up by a value close to the
commanded reference plus a ripple resulting from the commutation states of the converter.
This ripple is inversely proportional to the switching frequency, what makes desirable to reach
the highest frequencies allowed by the application.
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Figure 2.6: Operating margins of semiconductors families [2.33]

Historically, thyristors, bipolar junction transistors (BJTs) and power Metal Oxide Semi-
conductor Field Effect Transistors (MOSFETs) were used as power switches. However, the
introduction of Insulated Gate Bipolar Transistors (IGBTs) and its significant evolution in
terms of switching frequency, current and voltage range, has boosted the use of APFs as
feasible solutions to enhance PQ and specifically, harmonic distortion, at different voltage
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levels [2.24, 2.34, 2.35]. Fig. 2.6 presents the current state of semiconductor families based on
their power and frequency margins.

The major contribution of APFs is harmonic cancelation, which can be provided by differ-
ent device configurations and control algorithms [2.23]. In contrast to passive filters, APFs are
feasible not only to inject but also to draw reactive power from the system at grid frequency.
APFs are present in transmission and distribution networks. However, since the scope of this
thesis is focused on the LV level, only those configurations used in the distribution grid will
be considered in the following.

The generic solution to cope with the interrumpibility and quality of service at end-user
level is known as Custom Power [2.36–2.38] and involves technical solutions based on power
electronics. These technical solutions are the LV counterpart of the well-known Flexible
Alternating Current Transmission System (FACTS), and are mainly oriented to maintain
the reliability and good PQ of the system, thus being able to provide voltage balancing and
harmonic cancellation. There are multiple APF solutions which can be classified based on
the interconnection, the modularity, the nature of the storage device, etc. Some of these
technologies are enumerated in the following sections.

2.4.2.1 Static Var Compensation

Static Var Compensators (SVCs) are power electronics devices able to provide a quick
response against voltage disturbances derived from fast variations in the reactive power flow
of the line [2.24, 2.25, 2.39]. They are split mainly in two categories, shown in Fig. 2.7:

• Thyristor-controlled reactor (TCR): it consist of a fixed inductance and a bidi-
rectional switch, consisting of two back-to-back connected thyristors. Neglecting the
resistive component, the current through the inductor only depends on the thyristor
delay angle and it can be controlled from maximum to zero. The resultant current
is full of odd harmonics of order h = 3, 5, 7, 9, 11, ... which amplitudes depend on the
firing angles [2.24, 2.39, 2.40]. In order to prevent the 3th harmonic and its multiples,
it is a common practice to use three-phase TCR systems in delta connection, so these
harmonics remain trapped within the delta structure and are not transmitted into the
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Figure 2.7: Static Var Compensation Configurations. (a) TCR; (b) TSC.
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AC-Grid. To counteract the effect of other important current harmonics, series-tuned
filters are typically connected to mitigate the 5th and 7th.

• Thyristor-switched capacitor (TSC): it uses the same topology of the TCR, except
that the inductor is now replaced by a capacitor. To alleviate transient disturbances,
the thyristors are switched when grid voltage matches the capacitor voltage. Blocking
gate pulses of both switches disconnects the capacitor bank from the grid. A small
inductor in series connection can be used to limit the inrush current [2.22–2.24].

2.4.2.2 Series Power Filters

In this solution, a VSC is interconnected with the grid through a series transformer.
Fig. 2.8 (a) represents the topology of the so-called Dynamic Voltage Restorer (DVR) [2.41].
The phasorial diagram reflects that this topology is perceived from the grid side as controlled
voltage source, based on same principle explained in Section 2.4.1.1. In this way, it is capable
of compensating the reactive power demand of the loads connected downstream from its PCC.
In its role as an APF, this topology emulates the behaviour of a variable impedance, showing
a very low value at grid frequency and large values at harmonic frequencies [2.24, 2.25, 2.35].
Series connected active power filters (SAPFs) are focused mainly in voltage distortion issues,
compensating for waveform and disturbances in the vicinity of a sensitive load [2.42]. The
filter assures that the voltage amplitude at the load is kept constant, and reduces the reactive
power flow and current distortion upstream from its point of coupling [2.43]. Additionally, the
compensation capabilities of this topology can be boosted by the connection of an auxiliary
energy source at the DC-side of the VSC to maintain a constant DC-link voltage. In that
case, not only reactive power but also active power can be provided through the filter.
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Figure 2.8: (a) Series active filter diagram; (b) Phasorial diagram of the compensation

The main drawback of the series topology is that all the current of the grid has to flow
directly through the filter, which obliges these devices to be more robust than the ones used
in other topologies. The same reason makes it an atractive solution at higher voltage levels.
However, stand-alone series active filter is rarely implemented, since the attenuation capability
is not fully exploited, thus being less efficient than hybrid topologies such as those shown in
Section 2.4.2.4 [2.35, 2.41, 2.44–2.46].
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2.4.2.3 Shunt Power Filters

Shunt active power filters (ShAPFs) have been widely investigated for current-related is-
sues. Since ShAPFs overcome the technical limitations of the SAPFs, they have become a
highly extended topology. A generic schematic of a ShAPF is shown in Fig. 2.9 (a). The
phasorial scheme represents the initial variables (light blue) together with the results of the
compensation (dark blue). ShAPFs are typically controlled as current sources and are feasible
devices to provide reactive power and thus, voltage support. However, with the appropriated
control strategy, it is also possible to achieve unbalanced loads compensation and harmonic
pollution cancellation [2.47]. This is done by counterphase injection of the load demanded
harmonics, thus eliminating them from the grid side. A similar pattern can be used to com-
pensate for load unbalances.
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Figure 2.9: (a) Shunt active filter diagram; (b) Phasorial diagram of the compensation

At the distribution level this configuration is called Distribution Static Compensator (D-
STATCOM) [2.48] and despite of its high switching losses, it is one of most feasible solutions
for harmonic cancellation. Switching losses are consequence of the varying switching states
derived from the synthesis of current references at the output of the converter. The switching
frequency has to be a trade-off between the harmonic distortion induced by the current ripple
and the switching losses of the converter [2.42, 2.49]. In general terms, ripple decreases as
frequency increases. However, switching losses grow with switching frequency, together with
the stress of semiconductors. To cope with this situation, there are different topology config-
urations, like multilevel converters [2.41, 2.50], cascade control converters [2.51] or resonant
structures. Those alternatives are based on cascade connection of the lower DC-voltage ter-
minals of modular bidirectional choppers, in order to increase the number of semiconductors
and, consequently, reducing the voltage withstand requirements of these devices. These alter-
native configurations are mainly oriented to high power applications, however, they are more
expensive due to the increase in the number of devices.

2.4.2.4 Unified Power Quality Conditioner

This topology is a combination of a SAPF and a ShAPF in a back-to-back configuration,
sharing a common DC-link. At the distribution voltage level, this configuration is known
as Unified Power Quality Conditioner (UPQC), whereas it is known as Unified Power Flow
Conditioner (UPFC) at the transmission voltage level [2.42].
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Figure 2.10: UPQC General block diagram

Since this configuration is a combination of series and shunt APFs with a common self-
supporting DC-link (Fig. 2.10), UPQC is able to provide support to current and voltage
issues as a more cost-effective solution than installing two separate devices. Shunt converter
is responsible to maintain constant the voltage level at the DC-link and to provide harmonic
compensation. It is operated as a current-controlled converter, in which the current injected
to cancel out the harmonics demanded by the load is set based on the difference between the
current at the grid side, ig and the current demanded by the load, io. On the other hand, the
SAPF is operated as a voltage-controlled source, it tracks voltage at PCC, and injects a series
voltage of the desired magnitude in case a voltage sag/dip comes up. Therefore, the main
purpose of a UPQC is to compensate for supply voltage PQ issues: sags, swells, unbalance,
flicker, and harmonics, and for load current PQ problems such as: harmonics, unbalance,
reactive currents and neutral currents.

UPQC is a flexible solution to provide PQ support, however, its main drawbacks reside
on control aspects: the DC-link has to be constant and free from harmonics, requiring a
fast response from the shunt controller against sudden load changes,voltage unbalances or
voltage distortion. Moreover, economical aspect play a negative role, considering that all the
equipment required for the individual configurations are also necessary in this hybrid topology.

2.5 Voltage Source Converters

Voltage Source Converters (VSC) are a kind of self-commutated power converters, i.e. they
can change their state at a commanded time, independently of the external voltage/current
value. They take their definition from the fact that, inherently, they mimic the role of a
controlled voltage source at the AC-side. In the majority of the cases, a DC-link capacitor is
used for energy storage in the converter DC-side, while in the AC-side a modulation pattern
generates an arbitrary AC voltage waveform. This configuration has become dominant over
the Current Source Converter (CSC) topology, due to the advantages of the former respect
to the latter: self-commutated versus line-commutated, smaller size and weight, simplicity of
control, cheaper and expandable to multilevel and multi-pulse configurations.



28 Literature Review and State of the Art

To highlight the differences between both solutions, the typical configuration for a three
phase CSC is illustrated in Fig. 2.11(b). The system is equivalent to a current source, in
which direct current always has one polarity and the power reversal takes place through
reversal of DC-voltage polarity [2.25]. CSCs have an inductor as storage device at the DC-
side and normally requires a capacitor filter at its output to aim the commutation, which
makes them a feasible solution for motor drives due to its robust performance. However, DC-
current cannot change instantaneously during transients, which reduces the system dynamics
[2.22, 2.23, 2.39, 2.52].
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Figure 2.11: Power Converters. (a) VSC; (b) CSC.

In similar manner, VSC is equivalent to an AC-voltage source, in which the DC-side
voltage always has one polarity and the power reversal takes place through reversal of DC-
current polarity. A three phase configuration is shown in Fig. 2.11(a). VSC has a large
capacitor at the DC-side and usually requires an L or LC filter to be interconnected with the
grid.

The interconnection with the grid is generally done through a passive filter; it aims to
mitigate the harmonic pollution by reducing the high frequency components induced by the
PWM modulation of the VSC [2.53–2.56]. Fig. 2.12 shows three grid interconnection filters
highly extended in industry. Fig 2.12 (a) represents the simplest approach, consisting in a L
filter which can achieve a significant reduction in the ripple of the current injected by the VSC.
This type of first-order filter provides very good performance and easy control, since resonance
is avoided. However, the large voltage drop at the inductor [2.53], and thus, the requirement for
larger DC-capacitors, makes this solution unaffordable for high power applications. The other
two cases are based on resonance systems, having the capability to block most of the harmonics
above the tuning frequency. Moreover, these configurations provide larger attenuation than
the single L filter, which allows to obtain better results with smaller devices. On the other
hand, these filters face other inconveniences: filter structure can cause stability problems by
undesired resonance effects due to the zero impedance of the filter for some higher order current
harmonics. Indeed, resonance in the reactive elements of the filter may lead into instabilities
in the current control, making the APFs unstable [2.54, 2.57]. The stability condition of
the system is a major issue, being highly dependent on the impedance of the system. If the
grid impedance is unknown, resonances may appear and damping methods are necessary. The
most simple approach consists in including a damping resistor (passive damping), however, the
additional resistor losses are a substantial disadvantage. The alternative consists in including
an active damping, what bassically consists in the addition of conjugate zeros to isolate the
effect of conjugate poles, atracting them to the stable region [2.57]; nevertheless, this approach
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Figure 2.12: Passive Filter interconnections with AC-Grid. (a) L-filter; (b) LC-filter; (c) LCL-filter

leads to increase the number of sensors without assuring the robustness of the filter in case of
grid impedance changes.

For economic and performance reasons, VSC topologies are often preferred over CSC for
filtering applications. As direct current can flow in both directions in VSC configurations,
the converter switches have to be bidirectional, and also, since the voltage does not reverse,
the turn-off devices do not need to have reverse voltage capability. VSC switching is made
up of an asymmetric tum-off device, such as a GTO, with an anti-parallel diode. Other semi-
conductors, such as IGBTs and IGCTs, may have a parallel reverse diode built in as part of
a complete integrated device. CSC configuration requires a voltage blocking diode connected
in series with the IGBT, because direct current is always flowing in the same direction and to
perform the power flow reverse, DC voltage reversal is required. For this reason, it has larger
power losses and lead to higher costs than the VSC topology and, moreover, it cannot be used
in multilevel configuration [2.25].

This thesis is restricted to the use of VSC converters. Consequently, from now on, all
discussion will assume a VSC configuration. A review of the topologies, modulation techniques
and control systems is performed in the following sections.

2.5.1 Topologies

2.5.1.1 Single-phase Power Converters

This kind of converters was developed to satisfy the requirements of single phase non-lineal
loads, such domestic lights, air conditioners, laser printers and such kind of applications that
may alter the harmonic content in the LV-grid. Fig. 2.13 shows two possible configurations
of single-phase converters, where Fig. 2.13 (a) is a half-bridge VSC and Fig. 2.13 (b) is a
two-level, full-bridge VSC for single-phase applications.
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Figure 2.13: (a) Half-bridge VSC topology; (b) Full-bridge VSC topology.
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The simple control and lower cost of the components of these topologies, together with their
good performance under transient conditions, have made them attractive solutions at low and
medium power levels. Thus, they have also been adopted as solutions for interconnecting any
kind of energy sources to LV grids as well as to feed single-phase motor drives. Additionally,
they can also provide load and reactive current compensation [2.38, 2.58].

2.5.1.2 Three-Phase Power Converters

Three-phase converters are considered the most extended configuration in industrial power
applications. A simplified representation of a three-phase two-level converter has been shown
in Fig. 2.11(a).

The interconnection of power converters with the grid is conditioned by the number of
phases and wires available at the PCC. At the LV level, the most typical configuration of
the distribution transformer is ∆-Y , releasing the neutral connection for single-phase devices
to be connected. This additional conductor enables two additional configurations for the
power converter, as shown in Fig. 2.14. In Fig. 2.14 (a) the three-leg-four-wire (3L-4W)
alternative is shown. In there, the neutral is passively connected to the mid-point of the
DC-link. Alternatively, if an additional leg is included to actively control the neutral wire, the
configuration is known as four-leg-four-wire (4L-4W) and it is represented in Fig. 2.14 (b).

2.5.1.2.1 Three-Leg-Four-Wire Power Converters

With the split-capacitor approach the three-phase converter essentially becomes three
single-phase half-bridge converters; thus, it suffers from an insufficient utilization of the DC-
link voltage. In addition, large and expensive DC-link capacitors are needed to maintain an
acceptable voltage ripple level across the DC-link capacitors in case of a large neutral current
due to unbalanced and/or nonlinear loads [2.59].

Another consideration from the point of view of system modelling and control, is the
fact that the p-q theory introduced in [2.18], and used for the intantaneous compensation of
voltage/current unbalances, is only valid for three phase three-wire systems and for three-phase
four-wire systems. However, for three-phase four-wire systems with passive neutral, maximum
reactive current compensation cannot guarantee elimination of the neutral current [2.60, 2.61].
This might result in undesired zero-sequence currents flowing through neutral connection,
deprecating power quality in the rest of system.
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Figure 2.14: 3-Phase Converters with Neutral Connection. (a) Three-legs with split capacitor (3L-4W);
(b) Four-legs with active neutral control (4L-4W)
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2.5.1.2.2 Four-Leg-Four-Wire Power Converters

Figure 2.14 (b) shows a 4-wire configuration, where the neutral connection is provided by
a dedicated power converter leg. This approach for creating the neutral connection is usually
preferred to the previous one, since the wider range of switching states available in the four-
leg topology, enables the performance of the converter to be enhanced in comparison with
the three-leg with neutral connection. Thus, it provides more flexibility from the point of
view of the homopolar current compensation. Additionally, since the DC-link is fully usable,
the power density (power/volume) as well as the specific power density (power/weight) are
improved [2.62].

This type of topology is preferred when the supplied three-phase loads are highly unbal-
anced or in the compensation of grids with large neutral currents. The main drawbacks of this
configuration are related with the complexity of the PWM algorithm required for switching
the neutral leg of the converter [2.59, 2.63] and with the economic aspects engaged to the
addition of an extra leg to the converter.

2.5.1.3 Three-Phase Multilevel Power Converters

As it was mentioned in Section 2.4.2.3, this type of converters was developed for high
power applications since, among other advantages, its configuration aims to alleviate the
stress of semiconductors. These topologies are especially well-suited to reduce the harmonic
distortion of the AC-side currents. They were particularly used for utility applications at
transmission level, being afterwards spread to lower voltage levels once the technology was
mature enough [2.64].
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Figure 2.15: Three-phase multilevel converters. (a) Branch of an H-bridge three-level converter; (b)
Branch of a NPC three-level converter; (c) Branch of a Flying Capacitor four-level converter

Figure 2.15 shows three of the most characteristic configurations of this technology. In
this type of topology, an array of switches is used to select the output voltage from a number
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of available DC power supplies. A major concern in these architectures is to maintain voltage
level constant at every instant, to do so, capacitors with a charge balancing scheme are used.

The first multilevel structure presented in history was the Series H-Bridge multilevel in-
verter, shown in Fig.2.15(a). As its name says, it is composed by several bridge inverters
associated in series in cascaded configuration. The modularity and simplicity are the most
attractive points of this topology. However, the large amount of devices as well as the need of
several isolated DC-links make them unattractive for applications that require active power
exchange.

In Fig.2.15(b), a general schematic of the branch of a Neutral Point Clamped (NPC)
converter is shown. This configuration provides and odd number of voltage levels from an
even number of capacitors. Leaving access to the neutral connections and distributing the
voltage equally among the capacitors, it is possible to modulate the voltage by sharing only
a part from the DC-link over every switch, which allow them to withstand lower voltage
levels. The increased complexity of the modulation techniques required to obtain a satisfactory
performance added to the increased number of devices required to provide the voltage levels
are the main drawbacks of the topology.

The last scheme in Fig.2.15(c) shows a phase of a three-phase four-level Flying Capacitor
Converter (FCC). In this topology, each phase-leg consists of three complementary switch
pairs and two floating capacitors. The voltages across the capacitors C1 and C2 are ideally
2Vdc/3 and Vdc/3, respectively. This topology as well as the NPC one, only requires one DC-
voltage source, being the other voltage levels generated internally. Applications and practical
deployment of the FCC are limited because of several factors, including (i) the need for
bulky per-phase capacitors with their designated precharging circuits and (ii) a complicated
capacitor voltage balancing scheme.

Apart from the above mentioned multilevel structures, there is an additional family, which
merges the cascaded and modular topologies. It is based on the combination of several iden-
tical reduced power submodules, which can be seen as power cells, to achieve a system with
higher rated power. This family, which has become extraordinarily popular in high power ap-
plications, is known as Modular Multilevel Converter (MMC). There is not a clear uniformity
regarding to which group belongs modular converters in literature, being considered both as
a group inside the multicell or the cascaded topologies [2.51]. However, to be considered as a
modular structure, besides the series connection of submodels, the scaling to different voltage
and power levels should be achieved without including additional central components, [2.65].
Fig. 2.16 shows two possible configurations of MMC. In Fig. 2.16 (a), every cell has each inde-
pendent DC-link. In Fig. 2.16 (b), every cell contributes to build up a larger common DC-link.
In this case, single-coupled or center tapped inductors are used as filter interconnection. The
highlighted blue box shows a possible configuration of the individual cells. In this case, a full
bridge is represented, but several alternative options are available.

All these topologies are widely spread as distribution FACTS (or D-FACTS) and are today
available in the market from different manufacturers. However, the complexity of the control
and the large amount of devices required made them unattractive for the purpose of this
work; thus, only two-level topologies are considered in the following. A four-leg four-wire
configuration has been used in the development of the theoretical framework in Chapter 3
and in the investigations carried out in Chapters 4 and 5. In Chapter 6, focused on the
optimization of the switching frequency, a more classical three-leg three-wire topology has
been used.
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Figure 2.16: Multi modular converter topologies [2.51]. (a) MMC without common DC-link; (b) MMC
with common DC-link.

2.5.2 Modulation Techniques

One of the most typical implementations to determine the duty cycle for each phase leg in
switched-mode converters is known as pulse width modulation (PWM). It consists in digitally
encode analog signal levels by using square wave signals. Thereby, sinusoidal modulation
is the result of the comparison of a sinusoidal modulation signal with a triangular carrier
signal. The frequency of the triangular waveform establishes the switching frequency of the
semiconductors, while the frequency of the output waveform relies on the frequency of the
modulation signal.

In general terms, the ripple of the AC-side current is inversely proportional to the switching
frequency, whereas the switching losses in the semiconductors increase proportionally to it.
This duality causes a trade-off that will be fully developed in Chapter 6 of the present work.

2.5.2.1 Continuous PWM Techniques on 3-Wire Systems

The comparison between the carrier and the control signal can be either naturally sam-
pled, as it is illustrated in Fig. 2.17, or regularly sampled. In the former case, the pulsed
width is determined by the intersection of the modulation signal and the carrier triangle
signal. Thus, the sampled values are generally not uniformly spaced in time, but a faster
reaction to changes in the input signal can be achieved. For the second case, the control
signal is considered constant during a complete carrier period (symmetric sampling) or half of
it (asymmetric). Alternatively to PWM, Space-Vector-Modulation (SVM) can be used. This
method synthesized the output voltage in order to reproduced the desired reference voltage
space vector, U*, by using two adjacent switching vectors which are sequentially held in on
state during a precomputed time. For the actual study, only the regularly sampled PWM is
considered.

The amplitude modulation index of the PWM technique is established according to (2.7),
where Vmod is the peak-value of the modulating signal and Vcarrier is the peak-value of the



34 Literature Review and State of the Art

(a) (b)

Vmax

Vmin
0.01 0.02

Times (s)

Vmax

Vmin

mod

a

c
b

n

Vdc

2

Vdc

2

z

carrier

>carrier mod

Figure 2.17: Pulse-Width Modulation. (a) Phase branch disposition; (b) Train of pulses of the PWM
algorithm.

triangular carrier signal.

ma =
Vmod
Vcarrier

(2.7)

vxz = ma
Vdc
2

sin (ωet+ φ) (2.8)

The fundamental component of the synthesized voltage from an arbitrary signal is formulated
in (2.8), where ωe corresponds to the fundamental frequency and φ is the phase angle of the
signal. According to (2.8), the magnitude of the output voltage varies linearly while ma < 1.
Higher values of ma, i.e. above 1, leads to an operating condition known as overmodulation,
which is characterized by increased harmonic distortion. In general, this is not a desirable
situation, though it allows to reach higher output voltages which can be useful for certain
high power applications such as those including induction motor drives.

To facilitate the explanation, the bottom of Fig. 2.17(b) shows the train of pulses that
results from the comparison between the triangular and the sinusoidal waveforms shown at
the top. When the modulation signal is greater than the carrier, then the output voltage is set
to Vmax, setting the output signal to Vmin in the opposite case. For this case, ma is set to 1;
in red dashes, it is represented the equivalent resultant sinusoidal waveform with a maximum

value of
V dc
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Figure 2.18: PWM with 3rd harmonic injection. (a) Modulation structure; (b) Train of pulses of the
resulting modulation strategy
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the modulating signal is a classical solution, and thus, it has been adopted in the present work.
Since all triplen harmonics are cophasal in a three phase system, they are eliminated from
the line to line waveforms. Fig. 2.18 shows a schematic of the 3rd harmonic injection loop. A
solution proposed in [2.66] determines the value of the 3rd harmonic, vzn, as the instantaneous
average of the maximum and minimum of the three reference voltages (vaz,vbz,vcz), according
to (2.9).

vzn = −max (vaz, vbz, vcz) +min (vaz, vbz, vcz)

2
(2.9)

The modulation signals are then calculated by adding vzn to each of the individual reference
voltages to obtain the modulation waveforms, i.e. (2.10).

van = vaz + vzn

vbn = vbz + vzn (2.10)

vcn = vcz + vzn

In Fig. 2.18, the same conditions stated before for the traditional PWM strategy were used.
However, this figure demonstrates that the modulating signal is still not reaching the maximum
voltage allowed by the DC-link. This fact opens the door to additional rises of the output
voltage.

The addition of the zero sequence is proven to be an effective solution to extend the linear
modulation range. The absence of neutral connection between the star point of the load and
the midpoint of the DC-Link, vn, allows these voltages can take different values. Adding
same zero sequence to each of the voltage phases, does not change the inverter output line-to-
line voltage per carrier cycle average value, allowing in this way to improve the modulation
range [2.66–2.68].

2.5.2.2 Discontinuous PWM Techniques on 3-Wire Systems

The previous section introduced the strategy of adding a zero sequence component to
each phase voltage used as modulating signals due to its simple implementation and multiple
benefits. This modulation strategy considers a continuous zero sequence injection strategy.
However, an improved converter performance can be obtained by using a discontinuous injec-
tion.

Indeed, by using a switching pattern in two phases of the converter and clamping the other
one to provide the DC-bus voltage, it is possible to achieve a high performance modulation
technique for obtaining sinusoidal currents. This mode of operation is known as discontinuous
pulse-width modulation (DPWM) and reduces the switching losses compared to the conven-
tional continuous pulse-width modulation. It allows to achieve higher switching frequencies
without compromising switching losses, thus enhancing converter efficiency. Moreover, for
high modulation index values, this technique provides better results in terms of current har-
monics reduction in comparison with traditional continuous PWM techniques without zero
sequence injection [2.69]. Additionally, since higher switching frequencies are reached, lower
filtering efforts are needed to counteract conducted EMI and thus, the power density of the
converter is increased [2.68, 2.69].
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2.5.2.3 PWM Techniques on 4-Wire Systems

As it was stated in Section 2.5.1.2, three-phase converters can provide neutral connection
in two different ways: by connecting the neutral wire to the mid-point of a DC-link with split
capacitors, Fig. 2.14 (a), or by adding a fourth leg to the converter topology connected to the
neutral wire, Fig. 2.19 (a). The addition of a fourth leg allows the use of the neutral connection
as an active wire to inject zero currents, thus providing the capability to compensate the effects
of single-phase unbalanced loads.

The strategy shown in here is based on the work presented in [2.70]. This PWM technique
is an extended version, for neutral connection, of the 3-wire method presented in the previous
section. Provided that the measurements of the phase-to-neutral voltages remain within the
limits shown in (2.11), the modulating signals can be synthesized according to (2.12).

− Vdc ≤ Vaf , Vbf , Vcf ≤ Vdc (2.11)

van = vaf + vfn;

vbn = vbf + vfn; (2.12)

vcn = vcf + vfn;

The algorithm is performed based on (2.13), where the maximum and minimum values are
selected according to the instantaneous voltage value. The fourth leg is commutated based on
the comparison of the resultant vfn modulating signal with the triangular carrier waveform.
Fig. 2.19 (b) shows a block diagram used for the implementation of this strategy.

vmax = max {vaf , vbf , vcf}
vmin = min {vaf , vbf , vcf}
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Figure 2.19: PWM strategy for 4-wire systems [2.70]. (a) Four-wire converter topology; (b) Modulation
structure of the four-wire PWM technique
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This technique is also suitable to be applied in SVM, however the simplicity of the method
makes it attractive to be implemented within a simple microprocessor due to its low compu-
tational burden. This last point has led the choice of this technique as the most adequate
solution for this work.

2.5.3 Converter Control

VSC-based power converters are suitable to operate in the four quadrants, either as a
rectifier or as an inverter. This operation mode is determined by the control references, which
are based on the instantaneous active and reactive power components.

jXd Rd

Zd

V∠0 U∠-δ

I∠-ϕ

Figure 2.20: Equivalent model of a VSC connected to an AC Grid.

The most common approach to VSC control is based on the synthetization of a set of
voltage commands by providing the proper semiconductor switching sequence through PWM.
These voltage commands are the result of a current control, which satisfy the instantaneous
power references.

To achieve a satisfactory behaviour, VSCs usually require to sense ac-side voltages and
currents as well as the DC-link voltage. The basic characteristics of the inner control loop
strategy are described in the following section. The discussion of this section will be carried
out based on the configuration shown in Fig. 2.20, where the VSC is represented by a voltage
source, V∠0, the grid by a voltage source, U∠−δ, and the interconnection filter by an impedance
Zd.

2.5.3.1 Cascade Control

The main objective of the control structure is to accomplish the power objectives required
by the application. This is achieved by a cascade control structure, as the one shown in
Fig. 2.21, where the outer loop, devoted to voltage control, is tuned at a frequency around
ten times slower than the inner loop, devoted to current control. The reason behind this is
to decouple both controllers, allowing this way an independent tuning strategy between each
other [2.71]. The current controller is tuned according to the interconnection filter transfer
function, whereas the external DC-link voltage control requires the value of the DC-link ca-
pacitor. Further details of the controllers implemented both in simulation and experimental
validation are included in Appendix E.

The control method described here is known as Voltage Oriented Control (VOC) [2.72].
It is based on the use of a dq-frame rotating at ωe speed and oriented such that the d-axis is
aligned with the grid voltage vector, u = ud+ juq. Thus, the space vector of the fundamental
harmonic has constant components in the dq-frame, while the other harmonics space vectors
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Figure 2.21: Cascade Control Structure

have pulsating components. The Park transformation, required to establish this relationship,
is explained in detail in Appendix C.

The transformation used for this work is power invariant and voltage oriented, so ud = Un,
where Un stands for the amplitude of grid voltage. Thus, the instantaneous power can be
expressed according to (2.14).

s = v · i∗ = (ud + juq)(id − jiq) = (udid + uqiq)︸ ︷︷ ︸
p

+j (uqid − udiq)︸ ︷︷ ︸
q

(2.14)

Considering the case of ideal synchronization: uq = 0, the d-axis component of the transfor-
mation is used for controlling p and the q-axis component is devoted for q. This allows to
establish a decoupled control for the active and reactive power according to (2.15)-(2.16).

p = ud · id (2.15)

q = −ud · iq (2.16)

As it is illustrated in Fig. 2.21, d-axis reference component is used to control the DC-link
and so the active power regulation from the grid. Similarly, q-axis reference component
is controlled to achieve a displacement of the power factor of the system. Both loops are
designed with PI controllers (in the case of the current loop, it is established one per axis,
since variables are aligned with the rotating dq reference frame), resulting in zero steady-state
error, as it is the case for DC input variables.

The inner current loops are established based on the mathematical model of a three-phase
voltage system as the one shown in Fig. 2.20, which can be formulated according to (2.17).

vd = Rid + L
did
dt

+ ωeLiq + ud

vq = Riq + L
diq
dt
− ωeLid + uq

(2.17)

This expression results from the application of Park transformation to the state equation of
the impedance of the interconnection filter, Fig. 2.20. In (2.17), vd and vq stands for the dq
components of the VSC output voltage space vector and ud and uq for the dq components of
the grid side voltage space vector. The addends associated to ωe, which stands for grid angular
frequency, are the cross-coupling terms, that can be eliminated by feedforward compensation,
as shown in Fig. 2.21.
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According to (2.15), (2.16), the instantaneous active and reactive power of the VSC is
proportional to the d-axis and q-axis currents, respectively. Based on this, and considering
the power losses in the filter are negligible, the DC-link voltage controller can be designed by
establishing a power balance at the DC-link equivalent circuit, shown in Fig. 2.22, according
to (2.18).

pi = vd · id ≈ pCdc + p0 = udc · Cdc
dudc
dt

+ udci0 (2.18)

where, Cdc is the capacitor of the DC-link (considering ideal behaviour), udc and iCdc are the
voltage and current of the DC-link, respectively and i0 depends of the operation condition of

the VSC: VSC working as rectifier (i0 > 0); VSC working as inverter (i0 < 0) and i0 =
udc
R0

with a resistive load connected at converter output.

Cdc
udc

Grid Side DC Side

ig

iCdc

i

Figure 2.22: Equivalent circuit of the DC-link

As it was mentioned above, voltage control loop generally presents longer settling times
than the current loop, often being the voltage control implemented using a cascaded control
loop approach. In this manner, d-axis current reference is established by the DC-link voltage
controller, being the q-axis current reference established based on reactive power control as
given by (2.16).

2.5.4 VSC Efficiency Aspects

The soaring use of inverters in distributed generation and energy storage applications has
increased the attention paid to the efficiency of these devices in recent years. From the point
of view of the VSC operation, efficiency can be improved by reducing losses in the converter
components or by achieving a higher performance without increasing the power losses. Based
on this, the following points are candidates to enhance VSCs efficiency.

Semiconductor Families

Traditionally, silicon has been the most popular material in microsystem technology. Its
mechanical properties, and a good cost and energy dissipation ratio, have made it one of the
most attractive solutions in the semiconductor manufacturing field. Nevertheless, silicon has
low bandgap energy, low critical electric field, low thermal conductivity and limited switching
frequency. These aspects have impulse the search for new materials that allow to achieve
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devices with faster switching speed and higher voltage blocking capacities. Thus, Silicon
Carbide (SiC) or Gallium Nitride (GaN) are offering a new range of possibilities in the energy
field by means of new devices with improved characteristics, such as the so-called wide bandgap
(WBG) semiconductors.
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Figure 2.23: Operating range of WBG compared with traditional Si technology [2.73]

These semiconductors possess remarkable electronic properties that silicon and other con-
ventional materials lack. WBG semiconductors have a high bandgap, more than 2.0 eV,
whereas conventional semiconductors have a small one (around 1.0 eV), [2.74]. As a conse-
quence, WBG devices have much lower leakage currents and higher operating temperatures
compared to silicon power devices. Additionally, its higher electron saturation velocity al-
lows to achieve higher switching frequencies and its higher thermal conductivity contributes
to a better heat dissipation, thus reaching higher power densities, [2.65]. Fig. 2.23 shows a
comparison between traditional silicon technologies and the aforementioned WBG.

The properties of SiC enable the design of minority carrier free unipolar devices instead
of the charge modulated IGBT devices. Thus, SiC devices achieve higher efficiency, higher
switching frequencies, reduced heat dissipation and space savings; benefits that, in turn, lead
to lower costs and an efficiency enhancement of the overall system.

Power converter topologies

Contributions to VSC efficiency enhancement by means of improved topologies are mainly
focused on the reduction of switching losses and harmonic distortion.

As it was stated in Section 2.5.1.3, VSC topologies based on modular structures offer
a wider range of possibilities, due to the capability of combining low power submodules in
series to achieve a system with a higher power rating. Each of these submodules consists of
semiconductor switching devices with low-voltage ratings. When a large number of modules is
used, it is possible to obtain a high number of voltage levels, allowing a significant reduction of
the switching frequency without compromising the power quality, together with a reduction
of switching losses. The reduction of current harmonics, in comparison with a two-level
converter, lightens the requirements of the interconnection filter. Eventually, in comparison
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with more traditional topologies, modular structures can lead to improvements in terms of
cost-weight-volume reduction.

The major field of application of modular converters lies in high power levels, specifically
in High-Voltage Direct Current (HVDC) transmission systems. However, some contributions
at the LV level can be found, mainly related with the interconnection of DC smart homes
with the AC Grid. As an example, [2.75] takes advantage of the low cost and size of the filter
resulting from MMC technology, to provide bidirectional exchange of energy between the DC
bus and the AC grid.

Modulation schemes

The efficiency of power converters interconnected to the energy power system (EPS) is
influenced by regulations such as [2.3]. This regulation states limits for the harmonic cur-
rent injection of electronic devices at the PCC, considering as well the interoperability and
associated interface aspects. In most cases, increasing the switching frequency reduces the
efficiency of the device due to the rise of the converter switching losses, while decreasing this
parameter could make the device not conform with regulation. An alternative approach might
consist in reducing switching frequency until it is verified that the converter complies with
the harmonic emission limits. Then it is possible to mitigate selective harmonics for such
conditions, by adopting selective harmonic elimination PWM strategies. This technique is
based on the decomposition of the PWM voltage waveform into the Fourier series and calcu-
lating the switching angles that eliminate the selected low-order harmonics. In [2.76] a deep
review of the technique and the opportunities that brings to the efficiency enhancement field
are presented. Likewise, contributions based on a similar strategy and attenuating the fifth,
seventh and above order harmonic amplitudes, and complying with regulation in [2.17], are
proposed in [2.77, 2.78].

Modulation schemes oriented to extend the linear modulation range of the converter, such
as those described in Section 2.5.2.1, contribute to an improved efficiency of the converter.
However, there are also advanced modulation schemes which varies the switching frequency
according to the operating condition of the VSC, [2.49, 2.79, 2.80], enhancing as well converter
efficiency. The study proposed in Chapter 6 deals with efficiency enhancement aspects by
accommodating switching frequency depending on the system demand.

Additionally, alternative modulation schemes offer optimization opportunities by reducing
switching losses for a certain switching frequency. This is achieved by reducing the number of
switches operating at a time. Discontinuous PWM techniques, presented in Section 2.5.2.2,
enable to reduce the operating switches by clamping one of the branches at the midpoint of
DC-link [2.68, 2.69].

2.5.5 Grid-tied Power Converters

The integration of RES and Distributed Generation (DG) into the distribution grid re-
quires an interface, which usually consist of a power converter, to accommodate generation to
the AC grid at the expected voltage level. When a power converter is operated for such a func-
tion, it is called grid-tied converter. Depending on their operation, grid-tied power converters
can be classified into grid-feeding, grid-supporting, and grid-forming power converters [2.81].
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Figure 2.24: Converter role [2.81]. (a) Grid-feeding converter; (b) Grid-former converter; (c) Grid-
supporting converter controlled as a current source; (d) Grid-supporting converter controlled as a voltage
source.

• Grid Feeding: the converters are controlled to deliver power within an energized grid.
This is the most common operation mode for those converters which are operating as
DGUs. Their performance emulates a current source with high output impedance, which
regulates its output current based on active and reactive power references, Fig. 2.24
(a). This operation mode is feasible to work under an environment with several power
converters operating in parallel, but it is not compatible with islanding mode, since
another converter or synchronous generator which set the voltage amplitude and the
frequency of the grid is required.

• Grid Forming: Power converters in this mode behave as voltage sources with a low
output impedance, Fig. 2.24 (b). Voltage magnitude and frequency are settled in closed-
loop mode operation. This type of converters are the responsible to establish the voltage
reference for the rest of the converters present in the microgrid during islanding opera-
tion. A practical example of this type of converters can be a standby UPS, which stays
disconnected from the grid in case the operation is within certain limits.

• Grid Supporting: The main objective of this group is to participate in the regulation
of the AC grid voltage magnitude and frequency, by controlling its power injection. The
power converters may be controlled as current or voltage sources, Fig. 2.24 (c),(d). In
the former case, voltage amplitude and frequency are regulated based on f/P and a V/Q
droop control to generate the internal references of the converter. In the second case, the
delivered converter power is function of the AC Grid voltage, contributing to regulate
voltage amplitude and frequency, based on a P/f and Q/V droop control. These
converters can work both in islanding and non-islanding configuration, without the need
of an additional grid forming converter or synchronous generator. These converters can
operate in parallel with the microgrid implementing the aforementioned droop control,
which modifies their operating parameters according to the microgrid conditions.



2.6 Operation of Grid-tied Power Converters 43

2.6 Operation of Grid-tied Power Converters

This section is devoted to the operation of grid-tied VSCs, with a focus on the control
structure and requirements. Typically, the control scheme of a grid distribution system oper-
ated as a microgrid has been split into three main control layers [2.82].

– A top layer, devoted to distribution network dispatch, responsible for the microgrid
coordination, ensuring economic and safe operation at any moment. This energy-
management level, namely the tertiary control, is responsible for regulating the power
flow between the grid and the microgrid;

– A second layer, devoted to the centralized control for all the elements installed within
the microgrid, i.e. DGs, Energy Storage Systems (ESSs), loads. This layer, namely
secondary control, can include the loops to compensate for the frequency and amplitude
deviations, ensuring a stable and seamless interconnection of the microgrid with the
main grid;

– The third layer is composed of local controllers, focusing on the primary regulation of
frequency and voltage of each DG unit. This is the primary layer control, and involves
the inner and voltage control loops as well as the phase synchronization with the PCC;

The scope of this work is focused on the most-internal layer of the control structure, where the
VSCs are responsible to control the power output of the DGs and maintain voltage stability
within the microgrid. Since, typically, the power rating of grid-tied converters are much lower
than the one managed by the grid, they require synchronization tools and a coordinated
performance with the rest of VSCs. These control structures are hierarchically organized
[2.83, 2.84] and have been illustrated in Fig. 2.25.
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Figure 2.25: Hierarchical control of an AC microgrid according to [2.83]

According to the disposition shown in Fig. 2.25, there are three control layers, where the
outer layer is responsible to provide the frequency and voltage references for the microgrid
control, based on the power flow with the main grid and with some limitations that are
established based on the compensation limits of the microgrid. The synchronization control
provides an additional reference tracking to continuously stay synchronized with the grid. The
next layer implements a droop or P/Q control in order to determine the power injection of the
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VSC. This loop works as a coordination tool between the VSCs present in the microgrid. The
mode of operation depends on the microgrid status: droop control for islanded mode and P/Q
for grid connected mode. The resulting references are feeding the cascade control responsible
to establish the PWM signal of the VSC. In the following section a more detailed analysis of
the control loops is described.

2.6.1 Grid Synchronization

Traditionally, voltage and frequency magnitudes where set by large synchronous genera-
tors. The grid frequency was proportional to the angular speed of these electrical machines so,
once the generator was synchronized, there was no need of additional considerations, being
robust enough to deal with short-time contingencies. However, grid-tied converters do not
offer the same inertial characteristic as synchronous generators, being strongly affected by the
numerous eventualities that present electrical grids, i.e. load connections, atmospheric events
or human errors in the operation of electrical equipment. This situation makes it necessary to
deploy additional synchronization methods responsible to estimate, at any instant, the phase
and magnitude of the fundamental voltage component at the PCC, to assure a satisfactory
performance of the converter.

Voltage positive sequence detection is a crucial aspect of the power converter synchroniza-
tion and subsequent operation [2.85–2.87]. The most popular synchronization techniques are
described in the following subsections.

2.6.1.1 Phase-Locked Loop

Time-domain synchronization techniques are based on some kind of oscillatory circuit
(Voltage-Controlled Oscillator - VCO) that varies until it matches the oscillating input signal
achieving in-phase behavior [2.88–2.90]. The most common approach for this technique is
known as Phase-Locked Loop (PLL), which main advantage lies on the fact that does not
require any initial frequency acquisition from the input signal.

Phase Detector Loop Filter VCO

+kp
ki
s coskpd kvco ki

s
v v'εpd vlf θ'ω'

ωff

Figure 2.26: PLL structure, [2.85]

Fig. 2.26 presents a generic block diagram for a basic scheme of a PLL. The phase detector
provides a DC error output as a result of the phase difference between the input and feedback
signal. The loop filter is generally a low-pass filter in charge of eliminating the high frequency
components that may affect the correct performance of the VCO. The VCO output provides
a signal with a frequency proportional or equal to the input reference [2.85, 2.88]. The feed-
forward term, ωff , corresponds to the pre-set grid frequency signal, and can be included
to enhance control dynamics. Phase detectors implementation may be done by different
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approaches, it exist a huge number of contributions in literature [2.85–2.87, 2.89–2.91]. The
one shown in Fig. 2.26 uses a multiplier-based phase detector that feeds a PI controller and
an integrator with a cosine function acting as VCO. This configuration is able to track the
input signal without error in steady-state.

2.6.1.2 Synchronization of Three-Phase Power Converters under Unbal-
anced Conditions

In the case of a three-phase system, a PLL structure may be connected at each phase.
However this approach might require coordinated algorithms resulting in computational bur-
den compared with a single PLL-structure [2.92].

abc

dq +kp
ki
s

va
vb
vc

Vd

Vq 1
s

θ'

V

ω'

ωff

Figure 2.27: Basic dq PLL structure

A suitable solution to avoid this inconvenience is to take advantage of the Park transfor-
mation, as explained in Appendix C. This concept is shown in Fig. 2.27, where a three-phase
system is transformed into two quadrature signals aligned with the phase angle of the grid
space voltage vector. For a three-phase balanced system, the vd component equals the grid
space voltage vector whereas the vq component equals zero. Taking advantage of this fact, a
PI controller is fed with the vq component, forcing it to zero, and thus, the frequency of the
resulting signal replicates grid frequency.

While Fig. 2.27 considers an ideal grid voltage, most LV grids presents different levels
of voltage distortion, what hinders angle identification. A combination of the Park trans-
formation and two Second Order Generalized Integrator (SOGI), used to isolate the positive
sequence voltage component, constitutes a flexible solution to cope with these obstacles. This
SOGI structure consists of a second-order active filter, based on a sinusoidal adaptive filter,
acting as an amplitude integrator for sinusoidal inputs. The whole system behaves as an
adaptive band-pass filter, at a specific frequency. It provides two outputs, v and qv, shifted
90 deg. between each other, as shown in Fig. 2.28. This configuration allows the use of the
synchronization algorithm as a sequence component identifier under generic grid operation
conditions [2.93], which allows an independent isolation of the positive and negative voltage
sequences under polluted or distorted grid conditions.

2.6.2 Control Modes

The DGs integrated into a microgrid may operate in connecting or islanding mode respect
to the grid. In the former case, frequency and voltage are imposed by the grid itself and the
VSCs are usually operated under P/Q control. In the second case, the frequency and voltage
have to be established by one of the generation units, being the rest of them under some kind
of coordinated strategies, which mainly are based on droop control schemes.
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2.6.2.1 P/Q Control

Under P/Q control strategy, frequency and voltage are treated as given variables imposed
by the grid, being the VSC only responsible for power regulation. This strategy implies a
higher control layer which commands references to be followed. The control architecture for
the P/Q strategy is based on the cascade control shown in Section 2.5.3.1. It is based on
the VCO strategy, in which the outer loop is responsible of the control of active and reactive
power whereas an inner adopts current control, Fig. 2.29. Current reference calculations are
obtained from (2.15) and (2.16).
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This mode of operation is implemented in grid-feeding converters and cannot be used
under islanding conditions if an additional source is not responsible to set the voltage and
frequency of the system.

2.6.2.2 Droop Control

All the converters in a microgrid must operate under coordinated strategies, achieving
parallel operation and load sharing. One of the most popular solutions used to operate in
this way, without having to resort to communication links, is based on the droop control,
Fig. 2.30. This is a widespread strategy in industry, since it overcomes the physical loca-
tion limitations, enhancing the microgrid performance. This control technique emulates the
behaviour of traditional synchronous generators which reduce their frequencies in response
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to increments of the power demand. Similarly, a droop in the voltage amplitude is used to
ensure reactive power sharing. To achieve this, the controller makes tight adjustments in the
converter output-voltage frequency and amplitude by using local measurements.
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Figure 2.30: Droop control scheme, [2.84]

The conventional droop control is based on the power flow theory in an AC system, which
states that the flow of active and reactive power between two sources can be controlled by
adjusting the power angle and the voltage magnitude. Consider the system represented in Fig.
2.20, where V is the voltage from the power converter, U is the grid voltage, Zd is the line
impedance and δ is the phase angle between both voltage sources. The power delivered into
the grid by the voltage source that represents the power converter can be expressed according
to (2.19).

S = P + jQ = V · I∗

= V ·
[
V − (U cos (−δ) + jU sin (−δ))

jXd +Rd

]∗
(2.19)

Gathering real and imaginary terms from (2.19), it is possible to achieve the expressions for
the active and reactive power, flowing from the power converter to the grid, according to
(2.20) and (2.21).

P =
V

Rd
2 +Xd

2 [Rd · (V − U cos δ) +Xd · U sin δ] (2.20)

Q =
V

Rd
2 +Xd

2 [Xd · (V − U cos δ)−Rd · U sin δ] (2.21)
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The droop regulation methods are performed by grid-supporting converters to maintain volt-
age and frequency within technical margins.

In Fig. 2.20, a grid-tied converter is represented as a controllable voltage source inter-
connected with the grid by a given line impedance, which depends on the characteristics of
the cable. It has been proved that grid impedance can affect the performance of the droop
control, [2.81, 2.95]. Based on the grid impedance characteristics, three different scenarios can
be analysed:

– Inductive grid: In the case of medium and high voltage applications, the grid inductive
term is much higher than the resistive one, so it can be assumed as mainly inductive.
Additionally, if the phase angle, δ, is small, then sin (δ) ≈ δ and cos (δ) ≈ 1. Thus,

(2.20) and (2.21) can be expressed as P ≈ V U

Xd
δ and Q ≈ V 2 − V U

Xd
. Based on this

simplification, the delivery of active power depends on δ and the reactive power depends
on the output voltage magnitude of V . Therefore, (2.22), (2.23) establishes a droop
control expression for inductive lines

f∗ − f0 = −kp(P0 − P ) (2.22)

U∗ − U0 = −kq(Q0 −Q) (2.23)

where, f∗−f0 and U∗−U0 represent the grid frequency and voltage deviations, (P−P0)
and (Q−Q0) represent the active and reactive power deviations and kp and kq represent
the slope curve characteristic of each control scheme. These parameters can be designed

as kp =
∆f

Pmax
and kq =

∆U

2Qmax
, where ∆f and ∆U are the maximum frequency and

voltage variation allowed and Pmax and Qmax are the maximum active and reactive
power delivered by the converter [2.84]. These control schemes are illustrated in Fig.
2.30.

– Resistive grid: Previous assumptions are not valid in the case of LV systems, where
the grid characteristic is predominantly resistive. According to this, and assuming as
well, small variations of the power angle, δ, the active and reactive power expressions

lead to P ≈ V

Rd
(V − U) and Q ≈ −V U

Rd
δ. As it appears from the expressions, voltage

regulation depends mainly on the active power, P , and the frequency on the reactive
power, Q. Consequently the droop expressions can be synthesized as follows:

U∗ − U0 = −kp(P − P0) (2.24)

f∗ − f0 = −kq(Q−Q0) (2.25)

– Generic grid: In a general case where both Xd and Rd are considered, authors in [2.96]
proposed the used of an orthogonal linear rotational transformation matrix, to modify
the active and reactive powers, according to (2.26).[

P ′

Q′

]
=

[
sin θ − cos θ
cos θ sin θ

]
·
[
P
Q

]
=

[
Xd
Zd

−Rd
Zd

Rd
Zd

Xd
Zd

]
·
[
P
Q

]
(2.26)

If (2.26) is applied on (2.20) and (2.21), the expression for the power angle leads to

δ = arcsin
ZP ′

V U
and the voltage variation into V − U cos δ =

ZQ′

V
. Considering small δ
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variations, it can be assumed that power angle is affected only by P ′ and voltage, V , is
controlled by Q′. Hence, the droop regulation becomes (2.27) and (2.28).

f∗ − f0 = −kp(P ′ − P ′0) = −kp
Xd
Zd

(P − P0) + kp
Rd
Zd

(Q−Q0) (2.27)

V ∗ − V0 = −kq(Q′ −Q′0) = −kq
Rd
Zd

(P − P0) + kq
Xd
Zd

(Q−Q0) (2.28)

A particular case of the droop technique is the reverse droop control. It consists in tracing the
predefined droop characteristic by measuring the voltage and frequency of the grid. Power
references vary depending on the errors of voltage and frequency. This method is particularly
interesting for grid-feeding converters operated in current control mode, since the active and
reactive power is directly regulated by the inner current loop [2.97, 2.98].

2.6.2.3 Enhanced Model-based Control Systems

Model-based strategies are based on the concept of system emulation by digital control
systems. The underpinning idea is to replicate, by using a digital twin, the behaviour of
some critical features and elements of power systems: inertia, impedance and synchronous
generators.

Virtual Inertia

The concept of virtual inertia has been recently developed in the context of distributed
generation and microgrid topologies. Traditionally, large conventional synchronous generators
aim to maintain system stability through the inertia of their rotating components, turning
slower when frequency drops and releasing the kinetic energy stored in the rotor to compensate
frequency deviations. However, in the context of microgrids, stability becomes a challenging
task, where the predominant presence of power converters makes the systems more sensitive
to disturbances [2.99, 2.100].

The virtual inertia is imitated using an advanced control of the converter and energy
storage system, enhancing system inertia, damping properties, and frequency stability. At this
matter, within reneable energy technology, wind turbines can provide supportive capabilities
to enhance the microgrid inertia. Virtual inertia solutions have been proposed based on the
maximum power point tracking (MPPT) optimization [2.101, 2.102].

Additional solutions in the matter of enforcing system stability have appeared in the recent
years, as the progress along the trajectory of renewable integration continues. Some of them
are addressed in the next sections.

Virtual Impedance

Some of these solutions are based on the inclusion of a virtual impedance loop, consisting in
the addition of an artificial impedance at the output of the converter. This solution mitigates
the stability issues resulting from sudden changes in the microgrid. Moreover, it improves the
reactive power sharing between parallel converters as well as the performance of the droop
control in LV grids with a mainly resistive profile. In this type of networks, a mismatching
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in the grid impedance estimation results in an inefficient power sharing among the droop
controlled distributed generators [2.81, 2.83, 2.84].
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Figure 2.31: Equivalent circuit of a power converter with the virtual impedance loop.

The purpose of the virtual impedance is to emulate the series impedance of a synchronous
generator. It can be selected arbitrary, but usually, it is chosen so as to turn the mainly
resistive characteristic of LV grids into inductive. Fig. 2.31 includes a simplified schematic
of a power converter connected to the grid incorporating a virtual impedance loop. The vir-
tual impedance modifies the power converter output voltage reference, v∗0 , by subtracting the
virtual voltage drop across the virtual impedance Zv · i0 from the reference value originally
provided by the droop equations, v∗. Since Zv is an arbitrary variable, selected according
to the converter nominal power, it allows to use the converter impedance output as another
control variable, allowing additional feasibilities like harmonic current sharing between con-
verters, [2.83].

Virtual Synchronous Generator

This approach consists in adding virtual inertia to the system by emulating the behaviour
of a synchronous generator against active power changes and, consequently, frequency fluc-
tuations. Multiple contributions and different approaches on this subject can be found in
literature, depending on the accuracy of the model. However, the emulation of the oscillatory
characteristic and damping of the electromechanical oscillation factors are common features
in every implementation. The virtual inertia is modelled within the converter controller. This
strategy implies the presence of an additional power source which can feed that inertia, i.e.
large DC-link, a battery storage system, a rotating inertia such as the one provided by a wind
generator, etc. [2.99, 2.103].

In Fig. 2.32, a simplified schematic of a power converter with a virtual synchronous
generator control is shown. The power source connected to the power converter represents the
primary source used to feed the virtual inertia. The damping algorithm is fed with the active
power reference, ωn represents the nominal frequency of the system and ωm is the equivalent
rotor speed. The damping torque block is fed with ωm and ωx which represents the actual
grid frequency resulting from an additional synchronization block. Usually, the DC bus is
designed not to add significant dynamics to the achieved virtual dynamics. However, in some
cases, voltage control can be also included in the control loop, generating the DC-link voltage
reference based on the internal frequency of the virtual synchronous generator.
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2.6.2.4 Unbalance Compensation

The large number of unbalanced and non-linear loads connected in microgrid, and the
presence of unbalanced voltage, resulted from grid faults, contribute to distort the PQ of
the microgrid. Controlling the AC voltages under such conditions becomes a challenging
task for grid-tied converters, which must be kept normally operating and connected to the
system. Hence, grid-tied converters must be able to provide controllability in both positive
and negative sequences. One possible solution might consists in the use of a single current
control responsible for compensating both sequences [2.104]. However, this approach implies
the presence of a component at double of the main frequency, requiring for the compensation
to extend the control bandwidth, which is not always possible. Generally, the most common
solution is to establish a dual-current controller structure for each sequence [2.18, 2.105–2.108].
This is done by synchronizing each sequence into the positive and the negative synchronous
reference frame, respectively. Thus, allows to the negative-sequence current to be controlled
completely as a DC signal. Thus, similar cascade-control structures can be implemented for
both loops, without the need of increasing the control bandwidth.

Alternatively to the dual-current controller structure, solutions implemented within the αβ
stationary-reference frame are also proposed [2.109, 2.110]. For such cases, resonant controllers
are used instead of the traditional PI ones, since this type of controllers are able to track
non-dc signals. However, the resonant filter has drastic change of phase angle around the
resonant frequencies. As a result, even a slight variation of resonant frequencies may introduce
substantial phase errors in the extracted signals [2.110].

The negative-sequence compensation can be achieved by using the surplus capacity of the
inverters to balance the voltage of the microgrid. However, this extra capacity usually brings
together technical issues related either to distorted load currents or power oscillations. Oper-
ational limits of the grid-tied converter are studied in [2.108, 2.111], where control strategies,
based on the instantaneous power theory, are proposed. These strategies take advantage of
the flexibility that alternative configurations, based on the use of an active neutral, can offer.
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2.7 Grid Impedance Estimation

Power Quality and grid impedance are two terms highly related between each other. The
large increase of DGUs along the medium and low voltage grid has triggered the evolution to
a new grid scenario, more flexible and efficient. However, the integration of such units might
jeopardize stability margins, becoming a major challenge.

Power converters are a proved solution to accommodate DGUs and to maintain stability
margins. The stability of inverter-based solutions lies on the Nyquist stability criterion, which
is proportional to the grid admittance. This fact is not contingent, since high grid impedance
might destabilize converter control loops, leading to harmonic reasonance [2.112, 2.113] or
degrade converter performance due to an incorrect pre-estimation of the grid impedance. In
the same way, interfacing a VSC with the AC-Grid requires a very precise design of the current
controller in order to fulfill the requirements of the network. For this reason it is critical to
have a deep knowledge of the dynamic model which links the converter output voltage with
the resulting grid current. These dynamics are affected by the load connections, the grid
topology, the type of interconnection filter, e.g. L, LC, LCL, and the disturbance decoupling
capability depending on the number and the position of the voltage and current sensors, which
are required in some active damping strategies to maintain stability margins [2.113, 2.114].

Hence, grid impedance identification is a major issue and may be considered as a tool
for assessing and improving stability margins and consequently, power quality. Impedance
estimation techniques are devoted for two major applications: anti-islanding detection and
DGU integration.

• Anti-islanding: Islanding is considered as the problem caused by an uninterrupted
operation of a grid-connected converter after its disconnection from the grid. Fig. 2.33
illustrates the concept of islanding, where Distributed Energy Resources (DER) are in-
terconnected with the AC-Grid by a power converter. At some point the distributed
generator is disconnected from the AC-Grid, but it continues generating energy. This
situation may be particularly dangerous if the power injection of the converter matches
the power demand of the local loads. Grid standards are restrictive in this field: the sys-
tem has to be fast enough to detect the islanding situation and avoid inverter operation
within a short time.
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Figure 2.33: Islanding Operation.
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• Adaptive Control for Grid Converters: This type of control takes into account
the stability problems that can result from improper assumptions on the value of grid
impedance. The adequate performance of the converter is linked with the impedance
value of the system. The current controller parameters are tuned based on the con-
verter filter impedance and an assumed value for the impedance of the grid side. Con-
sequently, large variations of the grid impedance may contribute to the instability of the
converter. Moreover, the increased penetration of the DER modifies the value of the
grid impedance, mainly due to the grid interface filters. Fig. 2.34 illustrates the concept
of a varying equivalent impedance at the PCC caused by connection and disconnection
of local loads. The use of an online converter-based impedance estimation algorithm,
allows to adapt control parameters based on the grid conditions, thus providing a better
dynamic response.

Loads

Converter
Converter

 FilterDER

Solar

Wind

Battery
Grid Monitoring

System

Li

Ci

Lo

PCC Grid Impedance

Lg Rg
AC Grid

Control System

Impedance
Estimation System

Figure 2.34: Adaptive control of the grid-connected inverter

Grid impedance may change during normal operating conditions or derived from an abnormal
condition, as already illustrated. Estimation techniques have to be fast enough to determine
the impedance at every instant. However, grid impedance measurement has to cope with sev-
eral difficulties: non-stationary power system voltages and currents, time-domain impedance
variation, impedance coupling between phases, noise and non-linearity.

The majority of the techniques in literature can be classified under the umbrella of invasive
and non-invasive methods. Non-invasive approaches use intrinsic conditions of the grid, such
as load variations or grid transients, to perform grid estimation. Generally, these techniques
are easy to implement and do not require the injection of additional signals into the grid.
Thus, they do not have any negative impact on PQ. However, although these techniques are
easy to implement, they present larger Non-Detection Zones (NDZ) than invasive techniques.

On the contrary, invasive methods are based on the inclusion of additional devices or
signals into the grid, resulting in small perturbations, which are the key-tool used to obtain
information of the system. This type of solutions provide better accuracy and their NDZ is
much smaller than that of non-invasive methods; however, their performances might impact
negatively on the Power Quality of the system. At any rate, literature has proved that this
second group presents a larger field of possibilities, which has become the main reason to
select invasive techniques as a key-point in this work.
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Figure 2.35: Impedance estimation methods.

Additionally, the fast evolution of communications during last decades has triggered the
appearance of a considerable number of grid-impedance estimation solutions based on com-
munication systems and data metering. The evolution of smart meters has endowed them
with capabilities that goes beyond the simple measurement of power demand, allowing these
devices to gather data from low and medium voltage lines, including information about un-
balance levels and harmonic distortion. However, this technology requires a deep deployment
of communication infrastructure not always present in LV systems.

Figure 2.35 shows a classification based on the grounds of the different approaches used
by the estimation techniques.

2.7.1 Non-invasive Techniques

As stated above, non-invasive techniques are based on grid monitoring and on the analysis
of the characteristic signals already present in the system. These techniques are easy to
implement and do not require extra devices nor additional signals that might distort the
operation point. As a consequence, there is a vast number of contributions in this field.

2.7.1.1 Power References

This group includes those solutions that base the estimation on the response of the system
to power variations. These variations can be either implemented at converter side, as power
references steps, or as load system fluctuations.

A method for short-circuit impedance estimation, based on the analysis of the equivalent
Thevenin circuit of the power system, is presented in [2.154]. The system proves to work under
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real conditions and for different voltage transmission levels but neither transient conditions
nor real time measurements are considered, which makes it an invalid solution to cope with
short-time disturbances at low and medium voltage levels.

Authors in [2.115] proposed a methodology based on the analysis of the response of the
grid to the injection of a varying P and Q reference signal. The operating principle is shown in
Fig. 2.36 and consists in the analysis of two consecutive operating points, which are supposed
to have the same grid conditions, avoiding in this way to measure the voltage at the grid
side. However, the validity of the method has been proved for a specific converter topology
and only for single-phase systems. A similar approach is presented in [2.116], where a set
of different P and Q references are set to obtain a linear regression line with the impedance
value of the system. The method proves to work under real conditions; however, due to the
computational burden, it cannot be considered for online estimation. Unfortunately, both
methods are affected by the fact that, varying the operating conditions, alters the voltage and
grid currents from where the impedance calculation is performed.
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Figure 2.36: Principle of variation of active and reactive power according [2.115]. (a) Control schematic
implemented within a P/Q control loop; (b) Power variation of active and reactive power.

A similar approach, developed under the synchronous reference frame, is presented in
[2.117]. The grid impedance is estimated by the connection and disconnection of resistive and
capacitive loads. The resistive load connection implies an active power step, meanwhile the
disconnection of a capacitive load is reflected as a reactive power step. Experimental tests are
presented in this work; however, the performance of the algorithm is based on the analysis of
the response of the system to the change of the conditions previously described. This implies
that the system must be kept under steady state conditions in order to compare two operating
points before and after the switching event.

2.7.1.2 Model Based

The response of a well-known model might be used to understand the current operating
conditions or even to estimate the parameters of the system, in case of variations. Solutions
based on this idea are included in this group.

Authors in [2.118] present a model based solution based on the excitation of an LCL-filter
used to interconnect the power converter with the grid. It is shown that a controlled excitation
of the filter may provide information about the grid impedance. However, the size of the grid-
side inductor may affect the location of the resonant peaks of the filter, interacting the two



56 Literature Review and State of the Art

poles between each other and jeopardizing the capability of the impedance estimation. Fig.
2.37 shows the effect of increasing the grid inductance. The positive peaks corresponds to the
resonance frequency of the whole system and the negative ones correspond to the double zero
of the transfer function. Increasing the magnitude of the grid-side inductance, the resonance-
peak can be displaced at higher frequencies and fewer possibilities of interaction between both
inductances can be expected. However, the ratio between inductances has to be a trade-off
between the power dissipation and the harmonic pollution that might be injected.

In [2.119] an experimentally supported method is proposed for estimating the equivalent
inductance and resistance of the grid. It is based on an iterative process which compares the
responses of the actual current control loop and the response of a specific plant. The experi-
mental tests did not consider neither unbalance conditions nor sudden impedance variations.

2.7.1.3 Kalman Filter

Kalman filter based solutions are under the umbrella of non-invasive techniques.

In [2.120] a grid estimation method is proposed based on the identification of the harmonics
in time-domain. Kalman filters are used to track the phase and the amplitude of the harmonics
using the state-space form. This study is only supported by simulations and the validation of
the method is not proved in case of frequency variations or transients. In [2.121] a Kalman filter
working in parallel with an observer is proposed to perform the estimation. The estimation
is carried out on a power converter interconnected through an LCL-filter. The model is
experimentally supported, but the estimation algorithm requires a fine tuning of the Kalman
filter, which implies trial and error tests and makes it not a feasible solution for such kind of
systems where connection and disconnection of loads are constantly present.

In [2.122] a similar approach is presented. The estimated coefficients are updated online by
using an adaptive linear neuron (ADALINE) algorithm. This method requires measurements
of grid side current and voltages, but in any case, it is only demonstrated under balanced con-
ditions. In [2.123] an adaptive current control, based on the uncertainty of grid parameters,
is proposed. Grid impedance parameters are obtained based on Lyapunov theory. Simula-
tion and experimental results support the model; however, the system is not evaluated under
unbalance conditions. A similar solution based on virtual-flux is presented in [2.124]. Unfor-
tunately, this estimation algorithm is highly dependent on the switching state, which limits
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Figure 2.37: (a) Grid-tied converter with an LCL-filter interconnecting the grid; (b) Transfer function of
the LCL filter for two different cases of inductance and resonant location of the model
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its operation at steady state conditions.

In [2.125], grid inductance is estimated using two consecutive samples of the grid current
within a switching period. The estimation method is based on the discrete-time model at
grid frequency and, as recognized by the authors, the method is only valid for the inductive
component. Moreover, the operation is only demonstrated for two different inductance values
and unbalanced conditions are not considered.

The major limitation of non-invasive techniques lies in the uncertainty that these methods
reveal under stationary conditions when local generation meets load demand. Under such
situations, these methods fail to provide the expected accuracy. Invasive techniques may
reduce the uncertainty zone, showing some benefits over the technologies described in this
section. However, they have to face other stability limitations.

2.7.2 Invasive Techniques

This group gathers solutions which base the estimation either on the data resulting from
extra devices installed in the system or from the use of additional signals, which are indepen-
dent from the grid operation requirements. In the majority of cases, these signals are seen as
disturbances by the system; however, its response to these interferences is precisely the source
of information used to estimate the value of grid impedance. The flexibility and wide range of
operation of these solutions have made invasive techniques the most commonly used methods
nowadays.

2.7.2.1 Frequency Scanning

The estimation method of these family of solutions relies on the analysis of grid frequency.
Most of the solutions included in this group require additional devices either to perform the
estimation or to gather the data. Solutions as the ones presented in [2.126, 2.127] base the
estimation on spectrum analysis performed by an additional device connected at the PCC.
With this aim, a signal is injected at a specific frequency and the spectrum of the system
response is subjected to an FFT analysis within the range 50 Hz to 10 kHz. A similar solution
is presented in [2.128] but, in this case, the signal injection is performed by a dedicated
converter which induce a voltage transient and, later on, analyses the FFT of the resultant
current. On the other hand, the solution in [2.129] bases the estimation on an iterative
process which requires the injection of consecutive signals at different frequencies to build
up the impedance matrix of the system and determine an impedance map of the grid. This
solution is proved to work under unbalanced conditions and experimental results are presented.
However, it operates under the assumption that the impedance of the line is kept constant
during the measurement process, which makes the model blind to transient conditions, and
thus, disqualifying it for online impedance estimation.

The aforementioned solutions are worthy for systems which require a better understanding
of the harmonic content of the grid, such as high power applications with an important
content of high frequency harmonics. However, these solutions are not suitable for low power
applications due to cost concerns.

In [2.130], a solution based on shunt current injection is proposed. In this case, the
authors determine the maximum current to be injected based on the Nyquist stability criterion.
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According to the ratio between current and voltage, it is possible to determine the impedance
value of the system. However, this approach presents as an additional drawback that the
stability region of the system is affected by load changes, which implies a reduction of the
maximum current to inject according to the method and, consequently, a deprecation of the
estimation.

The technique proposed in [2.131] consists in a steady-state method that injects a non-
characteristic harmonic current into the network and records the voltage change response.
Fourier analysis is used to process the results at the frequency of the injected harmonic. The
interharmonic current is injected from a PV inverter at a frequency close to the grid main
one. Assuming impedance terms are quire similar in both frequencies, the further Fourier
analysis over the specific harmonic allows to estimate a close value of the grid impedance.
Thus, additional injections are required to correct the initial estimation and obtain a more
precise term for the grid impedance.

A technique for grid-tied inverters is presented in [2.132]. In this method, a disturbance
signal is injected into the grid before the interconnection of the converter, and thus, the grid-
side inductance is determined at different operating points. The extracted information is used
to tune the deadbeat current controller to ensure stability and optimize the performance.
Similar approaches are presented in [2.133–2.135]; however, these methods employ the error
as an approximation to adapt system parameter uncertainty, which results in a less efficient
performance. In general, these solutions prove to be inefficient when the power network
includes capacitive components as may be the case of capacitor banks.

All the solutions in this group present limitations due to the amplitude of field mea-
surements, derived from a conflict between the accuracy of the solution and the acceptable
disturbing signal level. Moreover, the accuracy of the solution is limited by non-stationary
and time domain issues of the power system. Additionally, the use of extra devices to perform
the estimation becomes a drawback, due to the space constraints or legal limitations that may
take place at some locations, since it is not always possible to connect external devices at the
vicinity of the PCC. These limitations have foster the use of other solutions based on inherited
functionalities of the system or the control loop of the filter.

2.7.2.2 Pulsed Signal Injection (PSI)

These techniques based the estimation on the response of the system to a small signal
injected from the converter side. These small signals, considered in the majority of the cases
as small perturbations, are injected at different frequency ranges. Then, voltages and currents
are measured and processed through Fourier transformation techniques to obtain the desired
impedance or admittance over the frequency range of interest. Most of the methods presented
in this section are widely spread in the electric motor industry for parameter estimation.

In most cases, the injection of current signals corresponds to a shunt topology while the
injection of voltages follows a series connection. In [2.136], a single-phase current injection
system is proposed in order to measure the dq model impedances of an AC power system. The
single-phase current is injected between two of the ac-lines, requiring less power electronics
devices and performing the measuring between two different frequencies, which avoids the
necessity to align the measurements with the d- or q- axis. However, this method requires an
additional converter to inject the shunt signal needed to perform the estimation. In [2.137],
a similar approach, based on the injection of a signal, is proposed to perform the estimation
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of the admittance of the grid. This proposal is based on a DG control in which the grid
impedance is estimated from the response to the excitation of two pulses injected in the dq0
reference frame. It bases the estimation on the stability criterion between the ratio of the
grid admittance and the source impedance. Unfortunately, this criterion is not valid under
weak grid conditions. In both contributions grid impedance changes are considered but not
unbalance conditions neither the impact of increasing harmonic contents by the addition of
distorted signals.

Authors in [2.138] proposed an online implementation of an impulse response analysis,
implemented within a DSP, inside the control routine of a three-phase converter. The grid
impedance is characterized by the positive- and negative-sequence components through the
Discrete Fourier Transform (DFT), which is applied to each impulse response data set of the
phase voltage and phase current. However, Fourier analysis is time consuming, which makes
this method not well-suited to be applied in online implementations.

An analysis of the impedance-based stability criterion, as a method to derive the param-
eters of the adaptive control of a grid-tied converter, is presented in [2.139]. The estimation
is used for a grid adaptive control application. The grid-connected converter analyses the
impedance of the grid based on the injected pulses and the routine of the control system
updates the value of the control parameters based on the variation of the impedance.

Authors in [2.140] have proposed a novel technique combining the pulsed-signal injection
technique with observer solutions. A Luenberger observer controls the grid-side current and
detect impedance deviations by monitoring current and voltage at the PCC. The estimation
is performed based on a recursive least square algorithm fed with the response of the system
to the injection of a pulse synchronized with the zero crossing of each three-phase voltages.
When compared to other solutions, this method demonstrates a better performance in terms
of a minimized impact in voltage distortion. This method has been experimentally tested
and the authors claim that it is a valid solution for islanding detection, fault detection and
adaptive control.

2.7.2.3 High Frequency Signal Injection (HFSI)

Similarly to the previous group, these technologies based the estimation on the analysis of
the response of the system to the injection of a signal. However, in contrast to the previous
methods, the signal is injected at a distant frequency from the grid one. Thus, interferences
are avoided, which reduces the NDZ compared to the methods mentioned before.

Solutions, like the one presented in [2.141], are oriented to islanding detection by the iden-
tification of system impedance. The authors proposed the use of a VSC, already present in the
microgrid, in order to inject a low-magnitude high frequency voltage signal. The impedance
jump that occurs when the islanding operation arises is used to determine the disconnection
instant. The method presents the limitation of high-frequency signal attenuation when various
converters are exciting the microgrid and could be affected by the distortion. Moreover, the
authors introduced a method to determine the impedance of the system based on the high
frequency signal; however, the value of the impedance at 50 Hz is not calculated, since the
inductive component of the equivalent impedance is frequency dependent.

Similar approaches are presented in [2.142, 2.143] , where an interharmonic current signal
is injected at the point of connection and the impedance is estimated based on the voltage
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response at that frequency. Grid impedance, as function of frequency, is characterized by
repeating the injection at different frequencies.

Other solutions present in literature implement the estimation algorithm by embedding
the excitation signal within the internal control of a PV inverter. In [2.144], the authors
propose a solution based on the analysis of the voltage drop caused by the injection of an
interharmonic current through a converter. Similar approaches are presented in [2.145, 2.146],
which analyze the system response to the signal injection by means of the Discrete Fourier
Transform (DFT). All these solutions have to cope with the increased THD of the system.
The same configuration but considering the presence of multiple inverters working in parallel
is considered in [2.145]. This technique could also belong to the pulsed-signal excitation group,
since the signal is injected repeatedly. However, it has been gathered within this group since
the frequency of the excitation signal is 600 Hz. Authors proposed to inject the sinusoidal
current harmonic at the voltage zero crossing instant, to mitigate the distortion effect, and
then applying the DFT to the voltage and current signals to determine the impedance value.
However, the reliability of this method is compromised by the physical limit in the number
of inverters connected in parallel, which is established by the number of zero-crossing points
during islanding detection as well as by the possible interferences between converters. Authors
in [2.146] base the efficiency of the method in the reduction of the spectral leakage. With this
aim, they adjust the window of the DFT analysis to a period proportional to the frequency
of the injection and perform successive analysis by moving the DFT window. However, the
frequency of the estimation signal is significantly below the bandwidth of the current control
loop, which puzzles the performance of the method if a voltage signal is injected, since the
current control react against it. Current injection is also considered; however, the performance
under real conditions is not evaluated. Likewise, the performance of the method within a
system with several converters working in parallel is not demonstrated, which might be a
common situation in the case of a PV installation.

This strategy presents some intrinsic benefits, since at higher frequencies there is more
spectral separation and signal isolation is easier than in other solutions. Moreover, the method
can be easily implemented within the control routine of grid-tied converter. For this reason, it
has been used in this work as a base to propose a new methodology for impedance estimation
which will be described in Chapter 4.

2.7.2.4 Current Regulator Reaction

Current regulator reaction techniques are found to be implemented both as non-invansive
and invasive methods [2.145]. Lately, its use in applications including the simultaneous opera-
tion of parallel converters has received some attention [2.147, 2.155]. In those applications, the
approach can be considered as mixed passive-active, considering one converter (master) per-
forms a signal-injection while slave converters use the current regulation reaction as a passive
detection mechanism.

Solutions in this field are oriented to islading detection on specific systems such as the
one described in [2.147], where multiple inverters work in parallel. In this proposal, a master
converter injects a high-frequency signal into the grid. If an islanding condition arises, the
current regulators of the slave converters react and their output voltage reflects the new
operating condition. Thus, slave converters are able to determine the grid impedance at high



2.7 Grid Impedance Estimation 61

frequency based on the voltage output of the current regulator and the current at the output
of the LCL filter, Fig. 2.38.
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Figure 2.38: Control block diagram of the islanded solution proposed in [2.147]

Simulations and experimental results support the aforementioned work; however, although
a value of the impedance at high frequency is obtained, the impedance at 50 Hz is not evalu-
ated.

2.7.2.5 Low Frequency Signal Injection

These techniques are based on the same operating principles used by high frequency signal
injection methods. However, in this case, the signal is injected at a much lower frequency
range. In [2.148] a current-based estimation method is proposed. A short-term triangular
current pulse is injected into the grid trying to emulate the effect of transient signals caused
by capacitor banks at the transmission level. The excitation signal is fully controlled since it is
injected by a power converter. The impedance is calculated using the DFT components of the
voltage and current signals. The method is experimentally validated; however, to determine
a valid impedance estimate, the grid should remain in steady-state during the signal injection
and data acquisition processes.

A similar approach, based on an energized system and considering PV generation, is
presented in [2.149]. The estimation method is based on the linearity between impedance
terms at close frequencies and thus, deviation errors in the estimation of the impedance can
be expected. This work offers a comparison between the magnitude of the injected current
and the THD associated to that injection.

In [2.150], the authors proposed a method not based on the injection but on the pertur-
bation of the current injected by a power converter. A train of pulses is modulated at the
zero-crossing of the current injected by the converter. Beyond the simplicity of the injection
pattern, this solution allows to obtain the impedance of the system directly and is not affected
by the transients of the fundamental current, as it happens in the case of HFSI techniques.
Although signal processing is more complicated, it does not require any additional filtering
stage, since the estimation may be performed by a recursive least squares (RLS) algorithm.
All these considerations allow to acknowledge this solution as an especially well-suited method
for impedance estimation, and thus, it is taken as a basis for advanced proposals which are
presented in the next chapters of this work.
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2.7.2.6 Binary Sequence Signal Injection

These solutions are based on the injection of an excitation signal consisting of a train of
pulses. It allows to obtain the system response which is further evaluated through Fourier
Transform analysis.

The authors in [2.151] present a solution based on the injection of a multiperiod pseudo
random binary signal (PRBS) to the control input of a power converter. The frequency re-
sponse of the system can be derived by cross-correlation of the input signal and the sensed
output signal. Simulation and experimental results prove that this solution might work satis-
factorily at low frequency ranges and under balanced conditions. However, a larger processing
time and a heavier computation burden is required in this case, in comparison with other
family of impedance estimation methods.

A similar approach, based on a discrete-interval binary sequence, where the response of the
train of pulses is evaluated by means of FFT analysis to obtain the frequency response of the
system, is proposed in [2.152]. Contrary to previous solution, this method operates only on a
specific frequency band, concentrating as much power as possible into the desired harmonic
frequencies without increasing the signal time-domain amplitude. However, the solution has
not been addressed within a weak grid environment and has not been tested under unbalanced
conditions.

An update of the previus method has been presented by some of the same authors
in [2.153]. The new method is based on a ternary-sequence injection, which improves the
performance of the previous version against the effect on non-linear distortion and unbalance
conditions, since the ternary-sequence injection does not present energy in the even-harmonics.
However, this method still presents limitations at high frequency ranges, which limits the es-
timation for high frequency harmonics; furthermore, it retains the heavy computation burden
of the previous version.

2.8 Conclusion

In this chapter, a wide and deep review of the main challenges faced by grid-tied converters
within LV systems, as well as of the solutions available in literature to afford them, has been
carried out. The main aspects addressed are summarized as follows:

– The chapter is opened with the definition of the microgrid paradigm and the new chal-
lenges brought up by the smart grid era. The increased presence of distributed resources
and a massive connection of non-linear loads highlight the importance of grid-tied con-
verters as a key-element in microgrid systems.

– The problems associated with the large presence of renewable sources and distributed
generation at LV grids, such as bi-directional power flows, harmonic content and volt-
age fluctuations, lead to introduce the regulatory framework to set the operational
constrains of grid-tied converters. A review of the power quality concept as well as
the main regulatory key-aspects have been presented, highlighting the need of active
compensation to cope with harmonic pollution and unbalance conditions.

– A review of the instantaneous power theories and its contributions to VSC control
strategies have been reviewed to establish a reference frame for the discussion of the
alternative modelling technique proposed in Chapter 3.
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– A deep review of the more extended passive and active filtering solutions have been
addressed, with an especial emphasis on power converter topologies and, particularly,
on the study of the voltage source converter.

– This new environment requires that, some functionalities traditionally offered by large
power plants and their synchronous generators, which are mainly related with stability
issues, must be assumed now by distributed resources. A review of the main strategies
to reduce the impact of lack of inertia in weak grids has been included. The need for
control algorithms that emulate not only the static but also the dynamic behaviour
of the synchronous generators, which can be addressed together with the inclusion of
virtual inertia loops has been explained.

– A review of the main hierarchical structures found in literature has been used to in-
troduce the need of a coordinated behaviour between grid-tied converters, establishing
roles within the microgrid and sharing tasks to deal with the aforementioned problems.

– Modulation schemes and the regulatory framework have opened the door for an effi-
ciency enhancement analysis by determining the operating range of converters used in
distributed resources.

– System identification has been presented as a key-factor to assess the system dynamic
responses and stability margins and, consequently, for an active compensating and ac-
commodation of power electronics-based loads. A deep review of impedance estimation
techniques has been conducted. This study enables a starting point for the discussion
on system identification that will be conducted in next chapters, where an impedance
identification algorithm and estimation techniques based on a high frequency and pulsed
signal injection are proposed.
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[2.63] J. P. R. A. Méllo, C. B. Jacobina, and M. B. d. Rossiter Corrêa, “Three-phase four-
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in ac microgrids,” IEEE Transactions on Power Electronics, vol. 27, no. 11, pp. 4734–
4749, Nov 2012.

[2.82] R. P. Aguilera, P. Acuna, G. Konstantinou, S. Vazquez, and J. I. Leon, “Chapter 2
- basic control principles in power electronics: Analog and digital control design,” in
Control of Power Electronic Converters and Systems, F. Blaabjerg, Ed. Academic
Press, 2018, pp. 31 – 68.

[2.83] J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. de Vicuna, and M. Castilla, “Hierar-
chical control of droop-controlled ac and dc microgrids—a general approach toward
standardization,” IEEE Transactions on Industrial Electronics, vol. 58, no. 1, pp.
158–172, Jan 2011.

[2.84] J. M. Guerrero, M. Chandorkar, T. Lee, and P. C. Loh, “Advanced control architec-
tures for intelligent microgrids—part i: Decentralized and hierarchical control,” IEEE
Transactions on Industrial Electronics, vol. 60, no. 4, pp. 1254–1262, April 2013.

[2.85] R. Teodorescu, M. Liserre, and P. Rodŕıguez, Grid Synchronization in Single-Phase
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Chapter 3

System Modelling

3.1 Introduction

The change of philosophy, concerning distributed generation, has induced the emerging
of a large number of power converter units devoted to both energy generation and voltage
level adaptation. The feasibility of these units have enable them to be used as APFs, coping
among the problems related to distributed generation paradigm [3.1, 3.2], current and/or
voltage unbalances or sags, which have recently received much attention [3.3–3.7]. Unbalance
compensation can be achieved by any of the previous topologies shown in Chapter 2. However,
measurement of the unbalanced components, i.e. negative and zero sequence voltages and
currents, is a challenging task.

In this chapter, a modelling technique which analytically highlights the coupling between
the positive, negative and zero current sequences with non-balanced loads and voltage unbal-
ances is presented. The proposed analysis allows obtaining the expressions of the complex
current vectors at the αβ0 reference frame from the values of the voltages and loads at the
abc reference frame using a compact representation. The method is not only valid for the
analysis at the fundamental frequency, but also when a high frequency signal is injected by
the converter. This fact will be of paramount importance in the following chapters, for the
estimation technique further presented.

This chapter begins with the presentation of the system and an analytical expression of
the impedance and the admittance. The expression used to link the unbalance terms with
the impedance of the grid are also presented, both in the frequency and the time domain.
A verification of the feasibility of the model is also proven under a set of simulations. A
comparison between the traditional modelling approaches and the one presented here is also
provided as well as an adaptation of the technique to the traditional instantaneous power
theory. The chapter is closed with a simulation, where different impedance steps are induced
with the resultant voltage and current sequences derived from those impedance variations and
also the ones derived from the voltage unbalances.
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3.2 System Definition

The importance of a generic model, relies on the flexibility to make it adaptable to every
system condition. In order to conduct the discussion within the chapter, lets consider the
generic system from Fig. 3.1, where an undetermined number of loads are connected to a
three-phase four-wire AC-Grid in parallel to an APF at the PCC of the system.

VSC

Grid Impedance

Lg Rg

il

Load 2

PCC

AC Grid
ig

Filter Impedance

LcRcic

Load 1

Load n

vs vcvg 3+N
NN

N

Figure 3.1: Schematic for power converter and load connection to the point of common coupling. Loads
can be both 3φ or 1φ.

From the point of view of the reference generation for the APF, it would be extremely useful
to provide an expression able to link both the impedance of the system and the current and
voltages demanded by the load and the grid. In the following sections, a modelling solution to
identify the impedance terms of a generic grid according to the voltage and currents demanded
by the system is proposed.

3.2.1 Variables Definition in Time and Frequency Domain

Assuming that most of the loads connected to LV systems have an inductive profile, the
analysis is initially conducted considering RL elements for describing the impedance of every
load connected at the PCC in Fig. 3.1. Later in the discussion, this analysis is also extended
to capacitive elements. If RL loads are considered, the voltage equation in time domain is
given by (3.1), where i stands for the individual current demanded by every load.

v = Ri+ L
di

dt
(3.1)

The expression of each current harmonic in the time domain may be defined according to
(3.2).

i =
√

2In cos (nωet+ φn) (3.2)

where I is the RMS value of the current, n is the order of the harmonic, ωe is the grid frequency
in radians per second and φ is the initial phase angle in radians.

Expressions (3.1) and (3.2) are valid for every element of the circuit, however, time domain
operations involve more complex and puzzling calculations. On the contrary, working in the
frequency domain enlighten the computational effort required, expressing the voltage and
current value in vectorial notation and assuming impedance constant values. Consequently,
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expression (3.2) may be expressed in the frequency domain as (3.3), based on the reasoning
presented in Appendix B.

i = I∠φ = Iejφ (3.3)

Similarly, time domain expression in (3.1) may be reformulated as (3.4), in vector notation.

v = RIejφ + ωeLIe
j(φ+π

2
) =

(
R+ ωeLe

j π
2

)
Iejφ = (R+ jωeL) i (3.4)

Notice that, from (3.4), the remaining expression strictly corresponds to the voltage vector,
which is time independent and valid for steady state analysis. Similarly, frequency is not
explicitly shown in the vector notation because ωe is constant; however, the response depends
on it.

Combination of (3.3) and (3.4) allows to define the impedance value as the ratio between
voltage vector and current vector, and consequently, it is a frequency-dependent term,

z =
v

i
= (R+ jωeL) (3.5)

where it is assumed z is a complex element. This vector z represents the impedance of the
system, with a magnitude and a direction. This consideration allows to introduce the change
of reference frame in the next section. Additionally, as it has been highlighted, this analysis

is also valid in case of capacitive terms, replacing the imaginary term of z by −j 1

ωeC
.

3.2.2 System Representation in the αβ Reference Frame

The voltage vector for a three phase system is expressed as (3.6), where Zabc are complex
elements and the problem is stated algebraically in vector notation.

vabc = (Rabc + jωeLabc) iabc = Zabc · iabc (3.6)

Expression (3.6) may be defined within the αβ stationary reference frame which, based
on Clark Transformation, is widely explained in Appendix C.

The transformation for both currents and voltages is common and is based on (3.7a),
where A is defined according to (C.19). For the case of the impedance, the transformation
leads to (3.7b), which results from applying the same transformation to the phase impedances.

xabc = A · xαβ0 (3.7a)

Zαβ0 = A−1 · Zabc ·A (3.7b)

Moving from the abc to the αβ0 reference frame has the advantage of using a more com-
pact notation for the modelling, including the case of the symmetrical component analysis,
also provided in Appendix C. Under this transformation, the impedance matrix, expressed
according to (3.7b), leads to (3.8).

Zabc =

 Za 0 0
0 Zb 0
0 0 Zc

⇒ Zαβ0 =

 Zαα Zαβ Zα0

Zβα Zββ Zβ0

Z0α Z0β Z00

 (3.8)
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At this point, the expressions for the voltages and currents may be simplified to a more easy
and elegant notation, however, same transformation leads to a much more complex model
for the impedance matrix, with terms outside of the main diagonal. This fact would greatly
complicate the calculations, unless a transformation is yielded to achieve a diagonal matrix,
i.e. one without non-zero elements out of the main diagonal.

A solution proposed to simplify these terms is based on the use of multiple stationary
reference frames. Multiple reference frame is a solution highly adopted in such grids where
the presence of unbalance and harmonic distortion deprecated the proper performance of the
current control of the power converter [3.8, 3.9].

This strategy is based on the isolation of each harmonic component of the current and use a
specific controller for each of them. Current and voltage components may be expressed using
different transformations by choosing an arbitrary angular frequency, ωe, for the reference
frame [3.10], where ωe = dθe/dt.

The approach proposed in this work follows the same principle of the Clarke transformation
[3.11], based on the projection of the three phase vectors over orthogonal axes, which is
explained into more detail in Appendix C. However, in the present proposal, the angle of the
reference frame will depend on the impedance of the system, instead of being zero. Fig 3.2
shows a graphical representation of the concept.

α

β

b

c

120 o

120 o
120 o

a

α1

β1

αi
βi

Figure 3.2: Axis orientation for system loads (αiβi) and general stationary reference frame axis (αβ).

Every term named by the subscripts i represents one of the impedances involved into the
system under analysis. Each of these impedances is represented in a reference frame aligned
with the unbalance direction (θie in Fig. 3.2). Using that approach, and assuming that there
is no cross-coupling between the phases, the impedance can be represented by (3.9).

Zαβ0i =

 Zααi 0 0
0 Zββi 0
0 0 Z00i

 (3.9)

In the case cross-coupling is to be considered, it will be represented by non-diagonal terms



3.2 System Definition 79

[3.12]. However, it should be noted that cross-coupling impedances in low-voltage distribution
networks have, generally, a negligible value compared to the phase impedances [3.13].

The resultant diagonal matrix reduces noticeable the needed algebra for the modelling of
the expression, easing future calculations to obtain the impedance model of the system.

3.2.3 Impedance Model

According to the algebraic transformation presented in (3.7a), a possible set of independent
elements for each element, i, within the system in Fig. 3.1 can be defined as (3.10).

Zαβ0 =

ΣZi

 1 0 0
0 1 0
0 0 1

 + ∆Zi

 cos θie − sin θie
√

2 cos θie
− sin θie − cos θie

√
2 sin θie√

2 cos θie
√

2 sin θie 0

 (3.10)

In (3.10), ΣZi represents the averaged impedance values and ∆Zi is the term associated with
the unbalanced impedance. Both terms can be defined as (3.11) and (3.12) respectively.

ΣZi =
Zααi + Zββi

2
=
Za + Zb + Zc

3
(3.11)

∆Zi =
Zααi − Zββi

2
=
Za + a · Zb + a2 · Zc

3
(3.12)

θie = tan−1(∆Zi) (3.13)

θie is the angle of the term linked with the unbalance magnitude and consequently is considered
the impedance unbalance angle and a = ej2π/3. Note that, for the case of a balanced load,
i.e. Zααi = Zββi = Z00i, the incremental impedance term, ∆Zi, becomes zero.

For the case of single phase loads at phases a, b, c, θie equals 0, 2π/3 and 4π/3 respectively.
It is worth noting that for the case of single phase loads, in which the impedance at the two
remaining phases are infinity, the expressions (3.11) and (3.12) will be also evaluated as infinity.

The terms under unbalanced conditions in (3.10) may be rewritten as (3.14).

Zαβ0 =

 ΣZααi 0 0
0 ΣZββi 0
0 0 ΣZ00i

 +

 ∆Zααi ∆Zαβi ∆Zα0i

∆Zβαi ∆Zββi ∆Zβ0i

∆Z0αi ∆Z0βi 0

 (3.14)

Similarly, expression (3.14) may be expanded into a complex magnitude as (3.15), maintaining
the consistency between the αβ terms and every element of the impedance term, and consid-
ering both inductive or capacitive profile based on the positive or negative characteristic of
the imaginary term.

Zαβ = (ΣRi + ∆Ri)± j (ΣXi + ∆Xi) (3.15)

In the same way, the summation and incremental terms are defined according to:

ΣRi =
Rαα +Rββ

3
=
Ra +Rb +Rc

3
(3.16)

∆Ri =
Rαα −Rββ

3
=
Ra + a ·Rb + a2 ·Rc

3
(3.17)
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θir = ∠∆Ri (3.18)

ΣXi =
Xαα +Xββ

3
=
Xa +Xb +Xc

3
(3.19)

∆Xi =
Xαα −Xββ

3
=
Xa + a ·Xb + a2 ·Xc

3
(3.20)

θix = ∠∆Xi (3.21)

Similarly, for the case of balanced load, i.e. Rααi = Rββi = R00i, Xααi = Xββi = X00i,
being the incremental terms equal to zero. However, expression (3.15) is expressed in terms
of complex variables and thus the zero sequence terms are calculated according to ∆Rα0i =√

2∆Ri cos θir and ∆Rβ0i =
√

2∆Ri sin θir, replicating the expressions for the reactance terms.

Additionally, in the set of expressions (3.19)-(3.20), the reactance may be considered
inductive or capacitive; depending on the nature of the circuit. This term is also affected by
the excitation frequency of the system, being the generic expression involving both terms as
XL = ωeL or Xc = 1

ωeC
.

To prove the consistence of the algorithm, a simulation test is presented, where different
changes have been induced in the impedance of the system, both in the resistive and the
inductance term of every phase. The initial values and the steps induced at each phase are
included in Table 3.1.

Table 3.1: Resistive and inductive values

Time [s] 0 0.2 0.4 0.6 0.8

Ra [Ω] 17.78 5.93 8.89 53.33 8.89
La [mH] 9.0 18.0 27.0 9.0 9.0

Rb [Ω] 17.78 17.78 53.33 17.78 5.93
Lb [mH] 9.0 4.50 1.29 22.5 4.5

Rc [Ω] 17.78 53.33 17.78 5.93 35.56
Lc [mH] 9.0 3.0 9.0 4.5 13.5

In Fig. 3.3 it is presented, in blue trace the values of the terms of the resultant matrix from
expression (3.7b) and in red trace the values obtained according to the proposed method in
(3.14). As it can be concluded from the graphs in Fig 3.3, both expressions, (3.7b) and (3.14),
are equivalent, what makes possible to obtain an elegant model based on the magnitude of
the unbalance and the resultant impedance of the system. Similarly, it might be strongly
beneficial to express every phase impedance according to the αβ expression. Based on (3.15),
expressions (3.22) and (3.23) link the αβ terms with the abc reference frame.

Rm =

 Ra
Rb
Rc

 = [MR]−1 ·

 ΣRi
∆Rαi
∆Rβi

; MR =
1

3

 1 1 1
1 −1/2 −1/2

0
√

3/2 −
√

3/2

 (3.22)

where ∆Rαi = |∆Ri| cos(θie) and ∆Rβi = |∆Ri| sin(θir).

Lm =

 La
Lb
Lc

 = [MX ]−1 ·

 ΣXi
∆Xαi
∆Xβi

; MX =
1

3jωe

 1 1 1
1 −1/2 −1/2

0
√

3/2 −
√

3/2

 (3.23)
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Figure 3.3: Simulation results. Analytical representation of every element of the impedance matrix accord-
ing to (3.7b) and the equivalent values resulting from the proposed expression in (3.15).

where ∆Xαi = |∆Xi| cos(θie) and ∆Xβi = |∆Xi| sin(θix).

Figure 3.4 proves the equivalence of both expressions, comparing the initial values of the
system impedance with the ones derived from (3.15) and (3.22). The interesting aspect of
this approach is the reversible capability of the algorithm, which allows to move from different
reference frames maintaining the consistency at every element.
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Figure 3.4: Simulation results. Comparison between the original resistive and inductive values according
to the terms shown in Table 3.1 and the ones obtained according to expressions (3.22) and (3.23).

The evaluations performed until here were considering the resistive term as the real part
of the impedance and the imaginary one as the reactive. However, in the case of parallel
connections, the real and imaginary terms are no longer the resistive and the reactance values,
but the equivalent impedance of the system might be defined according to (3.24) or (3.25),
depending if inductive or capacitive terms are considered.

Zi =
Ri

1 +Ri/ (jωiLi)
(3.24)

Zi =
Ri

1 + jωiRiCi
(3.25)
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Figure 3.5: Simulation results: Equivalent values for the resistance and inductance based on the evaluation
of expression (3.26) according to the values in Table (3.1).

Under such consideration, expressions (3.24) and (3.25) can be expressed in a generic form as
(3.26), where the positive or negative term stands for the inductive or capacitive characteristic
of the component.

Zi = <{Zi} ± j={Zi} (3.26)

This expression can be modelled under the same algorithm; considering the resistive part of
the impedance as the real part of the system and the imaginary, as the reactive for positive
values and capacitive for the negative ones. However, as a consequence of the algebra, every
impedance term is distorted from the original value and the identification of the resistive
and the reactive components is not a straightforward, resulting in different expressions for
capacitive or reactive terms, according to (3.24) and (3.25).

An approach to engage with the original terms might consists on the addition of a second
high frequency signal, evaluating same terms but at different frequencies, that allows to estab-
lish a correlation between both magnitudes and frequencies. These expressions are modelled
according to (3.27) and (3.28), where Zi

hf is the resultant impedance at the frequency, ωhf .
As said, the inductive case has been selected due to the characteristics of most of the LV
loads. From hereinafter, the analysis will be performed under such consideration. However,
all the reasoning can be easily extended to capacitive terms.

Rm =
Zi · Zihf · (ωe − ωhf )

ωe · Zihf − ωhf · Zi
(3.27)

Lm = j
Zi · Zihf · (ωhf − ωe)(
Zi − Zihf

)
· ωe · ωhf

(3.28)

To prove the dissonance at the two frequencies, an evaluation of the expression (3.26) with
the same values as those shown in Table (3.1) has been performed. In this test, ωe = 2π50
and ωhf = 2π333 rad/s. Fig. (3.5) reflects the difference between terms.

Similarly and to prove the correlation of the model, a similar simulation was performed
over the expressions (3.27) and (3.28). Evaluating these expressions according to the resulting
terms from (3.26) at both frequencies, makes it possible to obtain the original Rabc and Labc
terms, as it is reflected on Fig. 3.6, which has similar results as the ones shows in Fig. 3.4.
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Figure 3.6: Simulation Results: Comparison between the original resistive and inductive values and the
ones obtained from the expressions (3.27) and (3.28).

3.2.4 Admittance Model

Considering the admittance as the inverse of the impedance, it might be interesting to
propose another expression based on (3.10), which allows to express the flowing current of
the system based on the admittance and the voltage across the system. Based on this, the
admittance model may be defined as (3.29), where n, correspond to every load considered in
the system.

Yαβ =

n∑
i=1

 ΣZi
ΣZ2

i −∆Z2
i︸ ︷︷ ︸

ΣYi

[
1 0
0 1

]
− ∆Zi

ΣZ2
i −∆Z2

i︸ ︷︷ ︸
∆Yi

[
− cos θi sin θi
sin θi cos θi

] (3.29)

Moreover, considering that the voltage at the PCC is a variable easily measured, it would
be greatly convenient to have an expression for the current in terms of the symmetrical
components and the aforementioned voltage. Since current results from the product of the
admittance and the voltage, it may be expressed as depicted in (3.30).

iαβ = Yαβ · vαβ (3.30)

Additionally, in order to provide a physical reasoning to every term presented in (3.10), it
is interesting to appeal to the symmetrical components theorem, described in Appendix C.
According this, any unbalanced system of n elements may be decomposed in a sum of the
same number of balanced elements. Consequently, voltage and currents may be defined as
(3.31).

x+
αβ = A−1 · x+

abc

x−αβ = A−1 · x−abc

x0 =
1

3
(xa + xb + xc) (3.31)
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The combination of the three set of equations (3.29), (3.30) and (3.31) yields to decomposition
of the currents into (3.32).

iαβ =V +
αβ

n∑
i=1

[
ΣYie

jωet −∆Yie
−j(ωet+θie)

]
+V −αβ

n∑
i=1

[
ΣYie

−jωet −∆Yie
j(ωet−θie)

]
(3.32)

i0 =V0

n∑
i=1

[
1

ΣZi

]

+V +
αβ

n∑
i=1

[
∆Y 2

i

ΣYi
k0

(
ejωet − ΣYi

∆Yi
ej(ωe+θie)

)]

+V −αβ

n∑
i=1

[
∆Y 2

i

ΣYi
k0

(
e−jωet − ΣYi

∆Yi
e−j(ωe+θie)

)]
(3.33)

where

ΣYi =
ΣZi

ΣZi
2 −∆Zi

2 ; ∆Yi =
∆Zi

ΣZi
2 −∆Zi

2 (3.34)

Equations (3.32) and (3.33) show the relation between every term of the unbalance and the
impedance, where ωe is the grid frequency, k0 is a constant that may be

√
2 in case the Clarks

transformation is power invariant or 2 in case the transformation is magnitude invariant. V +
αβ ,

V −αβ and V0 are the positive, negative and zero sequence magnitudes of the voltage vector.

The proposed model allows obtaining a compact expression, at constant frequency, based
on the αβ0 terms of the current vector and depending on the equivalent impedance as seen
from a voltage source. This can be used for isolating the different parameters in real time,
having applications ranging from impedance estimation to unbalance compensation.

3.3 System Definition for Real Time Implementa-
tion

Once the impedance model has been presented, it is necessary to find a suitable imple-
mentation that allows the use under real time applications. In order to compare the proposed
model with the traditional symmetrical components approach, (3.35) provides the expression
for the positive, negative and zero components derived from equation (3.32). i+αβ

i−αβ
i0

 =

n∑
i=1

ΣYi

 1 0 0
0 1 0
0 0 1

− (3.35)

∆Yi


0 ejθ

i
e 0

ejθ
i
e 0 0

√
2

(
ejθ

i
e − ∆Yi

ΣYi

) √
2

(
ejθ

i
e − ∆Yi

ΣYi

)
∆Yi
ΣYi



 V +

αβ

V −αβ
V0
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The expression presented in (3.35) is in vectorial notation, where α is associated with the
real term and β with the complex one. Symmetrical components are linked with the positive
and negative terms based on the interpretation of the ΣYi and ∆Yi elements. According
to (3.35), ∆Yi represents the cross-term and links opposite sequences between each other.
Considering the symmetrical components theory, the current terms are related with the voltage
ones according to (3.36).

i+α
iβ

+

iα
−

iβ
−

 =


ΣYαi −ΣYβi −∆Yαi ∆Yβi
ΣYβi ΣYαi ∆Yβi ∆Yαi
∆Yαi −∆Yβi ΣYαi −ΣYβi
−∆Yβi −∆Yαi ΣYβi ΣYαi



vα

+

vβ
+

vα
−

vβ
−

 (3.36)

Where, ∆Yαi = |∆Yi| cos θe
i and ∆Yβi = |∆Yi| sin θei and ΣYαi corresponds to real elements

of ΣYi and the ΣYβi with the imaginary ones. This relation is very useful for on-line impedance
estimation techniques, since it is possible to determine a relation of the unbalance magnitude,
based on the measured variables at the PCC. Equations (3.32) to (3.35) build the proposed
model, in Fig. 3.1, by adding together all the admittances at the PCC using the superposition
theorem. The equivalent admittance at the PCC can be defined as (3.37).

Yαβ =
1

ΣZ2
eq −∆Z2

eq

(
ΣZeq

[
1 0
0 1

]
+ ∆Zeq

[
− cos(θeq) sin(θeq)
sin(θeq) cos(θeq)

])
(3.37)

The equivalent mean and differential admittance terms can be obtained based on (3.38) and
(3.39). Clearly, the two equations can be solved in real time with low computational burden,
thus allowing for a simple identification method.

ΣY αβeq =
i+αβ · v

+
αβ − i

−
αβ · v

−
αβ

(v+
αβ)2 − (v−αβ)2

(3.38)

∆Y αβeq =
i−αβ · v

+
αβ − i

+
αβ · v

−
αβ

(v+
αβ)2 − (v−αβ)2

(3.39)

Equivalent expressions for the impedance terms are also obtained by the combination of (3.34)
with (3.38) and (3.39) terms, resulting in (3.40) and (3.41), respectively.

ΣZαβeq =
v+
αβ · i

+
αβ − v

−
αβ · i

−
αβ

(i+αβ)2 − (i−αβ)2
(3.40)

∆Zαβeq =
v−αβ · i

+
αβ − v

+
αβ · i

−
αβ

(i+αβ)2 − (i−αβ)2
(3.41)

However, it has to be considered that ΣZi and ∆Zi are complex magnitudes based on its
definition in (3.11) and (3.12), which implies the need for an additional correlation between
them and the real physical magnitudes obtained from (3.40) and (3.41). According to (3.15),
real terms are linked with the resistive components and the imaginary terms with the reactive
ones. But, due to the algebra of the transformation, the initial imaginary terms are rotated
and they are not aligned with the imaginary axis any more. Additionally the frequency of
the system affects the magnitude of the terms in (3.40) and (3.41). Consequently the use of
the model within a real time identification technique requires an additional expression able to
engage every term with the initial definition from (3.15). Expansion of the expressions (3.17)
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and (3.20) leads to (3.42) and (3.43), which are the resulting terms based on the phase compo-
nent of the system. These expressions are particularly relevant since they engage the inductive
phase terms according to their frequency and the incremental terms associated to ∆Z, which
is required for the identification of the impedance magnitude at different frequencies.

∆Ri =
1

3

(
Ra −

Rb
2
− Rc

2

)
︸ ︷︷ ︸

∆Rα

+j
1

3

(√
3

2
(Rb −Rc)

)
︸ ︷︷ ︸

∆Rβ

(3.42)

∆Xi =
1

3
ωi

(
La −

Lb
2
− Lc

2

)
︸ ︷︷ ︸

∆Xα

+j
1

3
ωi

(√
3

2
(Lb − Lc)

)
︸ ︷︷ ︸

∆Xβ

(3.43)

Expressions (3.44)-(3.47) link every term obtained according to (3.40) and (3.41) with the
expressions in (3.42) and (3.43).

<{ΣZαβeq } = ΣRi; (3.44)

={ΣZαβeq } = ΣXi; (3.45)

<{∆Zαβeq } = ∆Rα −∆Xβ ; (3.46)

={∆Zαβeq } = ∆Xα + ∆Rβ ; (3.47)

These expressions are used on the analytical simulation presented in Fig. 3.7, which proves
the equivalence between terms in the expressions (3.44)-(3.47).

Eq. (3.42)

ℑm{�Zeq }

Eq. (3.39)

ℜℯ{�Zeq }
��

Eq. (3.40)

ℑm{�Zeq }
��
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ℜℯ{�Zeq }
��

Figure 3.7: Simulation results: Comparison between the expressions (3.40)-(3.41) and (3.44)-(3.47).

3.4 Equivalence with the Instantaneous Power The-
ory

According to the review provided in Appendix D, in a generic three phase system, instan-
taneous active and reactive power are defined in the traditional abc components as (3.48) and
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(3.49).

p =vaia + vbib + vcic (3.48)

q =
1√
3

(vabic + vbcia + vcaib) (3.49)

These power equations can be expressed in terms of the αβ components according to the
conventional imaginary complex power expression, s, as (3.50).

s = v · i∗ = (vα + jvβ)(iα − jiβ) = (vαiα + vβiβ)︸ ︷︷ ︸
p

+j (vβiα − vαiβ)︸ ︷︷ ︸
q

(3.50)

Expression (3.50) is the result of the product of the voltage space vector and the conjugated
current space vector. Generally, s is expressed in terms of phasors, however using space vector
components yields the same results as applying equation (D.3) in αβ components, resulting
in (3.51) and (3.52).

p =vαβ · iαβ = vαiα + vβiβ (3.51)

q =vαβ × iαβ = vβiα − vαiβ (3.52)

Particularizing the system for the unbalance conditions induced by an impedance change,
together with a distorted input voltage, equations (D.4) and (D.5) lead to (3.53).[

p
q

]
=

[
(v+
α + v−α ) · (i+α + i−α ) + (v+

β + v−β ) · (i+β + i−β )

(v+
β + v−β ) · (i+α + i−α )− (v+

α + v−α ) · (i+β + i−β )

]
=

[
P + P̃

Q+ Q̃

]
(3.53)

where P̄ and Q̄ represent the average power term resulting from the interaction of voltage
and current components with the same frequency and sequence. On the other hand, P̃ and
Q̃ represent the oscillating energy flow from the interaction of the negative sequence and
harmonic terms. A more detailed explanation of obtaining these variables is provided in
Appendix D. Based on (3.35), the current space vectors can be defined in terms of the grid
admittance as it is reflected in (3.54).

iαβ
(+) = ΣY · V +

αβ −∆Y · V −αβ · e
−jθ

iαβ
(−) = ΣY · V −αβ −∆Y · V +

αβ · e
−jθ (3.54)

The combination of (3.53) with (3.54) enables to establish a link between the proposed ex-
pression and the instantaneous power theory.

p = ΣY
[
v2
α + v2

β

]
+ ∆Yα

[
v2
α − v2

β

]
+ 2∆Yβ [vαvβ ] (3.55)

q = ΣY
[
v2
α + v2

β

]
+ ∆Yβ

[
v2
α − v2

β

]
+ 2∆Yα [vαvβ ] (3.56)

where ∆Yα = |∆Y | · cos(θ) ; ∆Yβ = |∆Y | · sin(θ) and v2
α = (v+

α + v−α )2 ; v2
β = (v+

β + v−β )2.
Multiple studies on the control of active filters under unbalanced grid voltage conditions
[3.14–3.18] have collected the terms in (D.13) and (D.14) according to (3.57).

P0

Q0

P1

P2

 =
3

2


v+
α v+

β v−α v−β
v+
β −v+

α v−β −v−α
v−α v−β v+

α v+
β

v−β −v−α −v+
β v+

α



i+α
i+β
i−α
i−β

 (3.57)
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where P0 and Q0 represent the average value of the instantaneous active and reactive power,
whereas P1 and P2, are related to the oscillatory terms which does not contribute to the power
transfer. Expression (3.57) results from the following criterion:

i. Under regular operation, the active power exchanged in an ideal network is based on
Pref = Paverage = P0 and the reactive power is based on the requirements of the
system Qref = Qaverage = Q0

ii. Under unbalance, the amplitude of the voltage harmonic has to be reduced to the
lowest feasible level, ideally zero, resulting in Pc2 = Ps2 = 0.

Thus, it is possible to establish four levels of freedom, according to
[
i+α , i

−
α , i

+
β , i
−
β

]
to calculate

four out the six power magnitudes already defined. Expanding and combining equations
(3.55), (3.56) and (3.57), the resulting power equations yields to (3.58).
P0

Q0

P1

P2

 =
3

2

ΣYαi


vα

+ vβ
+ vα

− vβ
−

0 0 0 0
vα
− vβ

− vα
+ vβ

+

vβ
− −vα− −vβ+ vα

+

 (3.58)

+ΣYβi


0 0 0 0
vβ

+ −vα+ vβ
− −vα−

0 0 0 0
0 0 0 0

+ ∆Yαi


0 0 0 0
0 0 0 0
vα

+ −vβ+ −vα− vβ
−

−vβ+ −vα+ −vβ− −vα−



+∆Yβi


0 0 0 0
0 0 0 0
−vβ+ −vα+ vβ

− vα
−

−vα+ vβ
+ −vα− vβ

−




vα

+

vβ
+

vα
−

vβ
−


As can be noticed in (3.58), the pulsating terms, P1,P2, are only present under unbalanced
conditions, since they are result of the interaction between sequences and the combination
with ∆Y . Keep in mind that ∆Y is the term associated with the unbalance of the impedance,
being zero in case of balanced condition. On the contrary, the average terms, P ,Q, are always
present independently of the conditions.

Algebraic manipulation of (3.58) allows to provide an expression, (3.59), which relates
the admittances with the power commands. This is meaningful from the point of view of the
converter operation, since it is possible to define the impedance of the system based on the
commanded power references.

ΣYαi
ΣYβi
∆Yαi
∆Yβi

 =
1

(v+
α )

2
+ (v+

β )
2

+ (v−α )
2

+ (v−β )
2


P0

Q0

P1

P2

 (3.59)

3.5 Model Evaluation

In previous sections, the consistency of the algorithm based on the equivalence between the
impedance phases and the terms in the αβ reference frame has been proved. In the present
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section, the developed model accuracy is evaluated by comparing its results from the ones
given by a time-domain circuital simulation under Matlab/Simulink®. The resulting currents
and voltages are calculated based on the equivalent impedance, according to the proposed
method. To maintain the consistency in the explanation, the same step changes as those
presented in Table 3.1 are considered in this section. To prove the validity of the model under
voltage variations, changes at the voltage source are also considered.
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Figure 3.8: Simulation test. a) Resistive component of phase impedances; b) Inductance component of
phase impedances; c) ΣZ value according to the equivalent impedance; d) ΣZ angle; e) ∆Z value according
to the equivalent impedance; f) ∆Z angle, corresponding with the unbalance angle.

The simulation is carried out for a three phase system in a wye-connection with neutral
configuration, as the one depicted in Fig. 3.1. All the currents and voltages represented in
this section are those obtained at the PCC of the system. Figure 3.8 a) and b) show the
impedance steps induced in every phase, according to the resistive and the inductive terms.
In the graphs below the corresponding values for the impedance terms ΣZ c), its angle φ d)
and ∆Z e) and its angle θ f) are included.

Figure 3.9 a) and b) shows the three phase voltages at the PCC and its αβ component.
Fig. 3.9 c), d) and e) shows the positive, negative and zero sequence voltage, respectively.
The same correspondence is replicated for the current components in the graphs from f) to
j).

The different test conditions are enumerated in the following: Initially, the system is under
balanced condition. As expected, ∆Z = 0 and the angle of the asymmetry is also held at zero.
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Table 3.2: Impedance values

t1 t2 t3 t4 t5

ΣZ [Ω] 17.78 25.82 26.95 25.95 17.03
φ [rad] 0.1577 0.1036 14.54 0.1458 0.1668

∆Z [Ω] 0.0 13.31 14.99 12.55 9.11
Θ [rad] 0.0 −2.42 2.15 0.23 −1.92
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Figure 3.10: Simulations Results. Current comparison; a) α current component; b) β current component.

However, grid voltage at phase a lags 45 deg., demonstrating that the algorithm takes into
consideration the voltage distortion to estimate the current components. A negative sequence
voltage is induced into the system with a magnitude of 100 V and, similarly, the zero sequence
voltage component, shown in Fig. 3.9 i), reaches a magnitude of 82 V, as result of the distorted
voltage.

At t = 0.2 s, the impedance from the three phases is changed according to the values in
Table 3.1. Consequently, both ΣZ and ∆Z vary from 18 Ω to 25.82 Ω and from 0 Ω to 13.31 Ω
respectively.

Similarly, angle φ varies from 0.157 rad to 0.1036 rad and θ from 0 rad to −2.42 rad. It is
also important to note that the value of θ is equal to the unbalance orientation, resulting in an
angle of −139 deg. In summary, the unbalance level is codified by the ∆Z level and the θ angle
provides its direction. The effect of the unbalance is coupled to the current vector components,
as shown in Fig. 3.9 f),g), h) and j). When the impedance unbalance is applied, the negative
sequence component of the current vector (i−αβ), shown in Fig. 3.9 h), is modulated according
to the developed expressions, resulting in 12.57 A. Considering the neutral connection, a zero
sequence current (i0) of 13.4 A, flows into the system, as it is reflected in Fig. 3.9 j). In
the same manner a zero sequence voltage is also present in the system, with a magnitude of
173.3 V. The rest of the values for every component of the impedance are shown in Table 3.2.

At instant t = 0.4 s, the impedance of phase a, phase b and phase c is changed, according to
the values in Table 3.1. These changes induced a negative sequence current, with a magnitude
of 8.56 A. This also causes an increase in the resulting zero sequence voltage from 173.3 V to
313 V. At t = 0.6 s, another system impedance change is induced, although the unbalance
between phases as |Za| = 0.8 p.u.; |Zb| = 1 p.u. and |Zc| = 0.7 p.u. remains constant. This
results in a variation of the negative sequence current and in the homopolar voltage as well,
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Figure 3.11: Simulations Results. Comparison between the results obtained based on expression (3.57) and
(3.58); a) Active power component, P0; b) Reactive power component, Q0; c) First pulsating term associated
with the active component, P1; d) Second pulsating term associated with the active component, P2.

with a magnitude of 15.15 A and 74 V, respectively. Finally, at t = 0.8 s the voltage grid
is stepped down into 163 V in the three phases, as reflected in Fig. 3.9 a). Moreover, the
impedance is not kept balanced, as becomes apparent from the zero sequence current and
voltage, which are reduced to 6.8 A and 63 V, respectively.

Additionally, in Fig. 3.10 there is a comparison between the αβ currents resulting from
(3.6) and the ones obtained from expression (3.32). The close agreement proves the equivalence
of the proposed expression.

Figure 3.11 shows the results of an additional simulation by depicting the signals derived
from the application of (3.58) to the instantaneous voltage and currents from the simulation
presented in Fig. 3.9 and under the same conditions as depicted above.

As it can be seen in Fig. 3.11 a) and b), the P0 and Q0 terms are kept independently
of the simulated conditions. Thus, only the terms linked with the harmonics show an oscil-
latory behaviour. The negative value of the Q0 component is associated with the inductive
characteristic of the load used to prove the consistency of the algorithm.

3.6 Conclusion

A novel modelling technique has been presented in this chapter in order to express the
impedance of a generic system, independently from the number of loads connected at the PCC.
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This technique highlights the coupling between the positive, the negative and the zero sequence
components of both currents and voltages, providing a coherent and intuitive expression linked
with the voltage distortion and the load unbalanced.

The main contributions of this chapter are summarized in:

– An elegant expression for the impedance linked with the positive, negative and zero
sequences arising under unbalance conditions.

– An expression for the admittance at the PCC, enabling to obtain the corresponding
current drawn by the system. This expression allows the use of the mentioned algorithm
as a tool for sensorless estimation, which will be the starting point for the discussions
of the next chapters.

– An analysis of the traditional power theories in literature and the derivation of an
equivalent expression for the power, based on the impedance of the system, linked with
the impedance variations presented under unbalance conditions.

– An analysis of the voltage and current sequences resulting from the fluctuations of the
impedance of the system and from the voltage unbalances.
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Chapter 4

Grid Impedance Estimation
Considering Passive Loads

4.1 Introduction

Measurement of the unbalanced components in an electric grid, i.e. negative and zero
sequence voltages and currents, for compensation purposes is a challenging task. Two op-
tions are currently used, each of those having an important drawback. The first one consist
in relaying on the voltages at the point of common coupling (PCC), which can be greatly
affected by the grid impedance value; however, if the converter is coupled to a strong grid,
the resulting impedance may yield the negative and zero sequence voltage values to be within
the resolution limits of the voltage sensors [4.1]. Alternatively, current sensors can be used
for the measurement of the converter negative and zero sequence currents. Unfortunately, to
comply with compensation tasks, additional current sensors need to be placed either at the
load or at the grid side.

In the previous chapter, a modelling technique, which enables the definition of a generic
impedance model based on the voltage that feeds the system, was presented. In the present
one, a technique, based on the aforementioned algorithm, is introduced as a tool for impedance
estimation, without the need of devoted sensors into the system. Identification of the negative
and zero sequence under unbalanced conditions is achieved and a method for compensating
the unbalance is presented. Simulations and experimental results are shown as a proof of the
consistency of the method.

The chapter begins with a brief introduction of the system configuration and with an anal-
ysis of the limitations to identify the impedance of the system based on the data available.
The data acquisition technique presented in this chapter is based on the injection of a high
frequency signal, followed by the adaptation of that information to grid frequency. A com-
pensation technique is proposed based on the estimation technique. The proposed technique
is tested by simulations and experimental results; moreover, a solution for the identification
and compensation of the negative sequence component is extensively demonstrated. Finally
the chapter is closed with the conclusions drawn from the results of the method.
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4.2 System Description

A 3-phase system with neutral connection is considered in Fig. 4.1. A VSC is connected
to the PCC together with n loads. Upstream from the PCC, the grid is represented by a
voltage source with a short-circuit impedance given by Lsc and Rsc, which feeds a distribution
transformer. The feeder which interconnects the transformer with the PCC is represented by
a series impedance, Lfeeder and Rfeeder.

PCC

L
feeder

R
feeder

VSC 1

LfRf
AC Grid

450 m

AC 
Transformer

20 kV/400 V

Lsc Rsc

Load1

Loadn

Figure 4.1: Real system interconnection of the 3-phase grid elements

The system in Fig. 4.1 can be approximated by the schematic shown in Fig. 4.2, where
the load represents an equivalent model for all loads connected at PCC and Lg and Rg stands
for the resistive and inductive components of the grid, respectively.

Grid Impedance

Lg Rg
AC Grid

ig

vs vg
NN Load

PCC
VSC 1

Filter Impedance

LfRfic
vc

Nil

Figure 4.2: Equivalent schematic from system in Fig. 4.1

From the point of view the converter, the voltage at PCC, vg, and the current ic are known
variables, however, an unbalance load causes negative and zero sequence components which
potentially jeopardize the grid supplied voltages.

Converter VSC 1 should be responsible for estimating the magnitude of the unbalance
based on the equivalent impedance resulting from it. Compensation might be done by injecting
negative and zero sequence currents in opposition to the respective unbalanced currents [4.2].
However, isolating and further eliminating the negative sequences is not a straightforward
task. Based on the solutions already presented in Chapter 2, impedance estimation methods
consisting on HFSI are the ones which offer a wider range of possibilities from the point of
view of the THD induced into the system and the reliability of the algorithm.

Moreover, the possibility of using the power converter to inject a low-magnitude and high-
frequency signal at the PCC, makes HFSI methods an attractive solution to implement the
algorithm already presented in Chapter 3.
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4.2.1 Problem Statement

In the following, the impedance of the system is defined as the ratio between the voltage
at the PCC and the current flowing into the system, as was previously stated in (3.5). This
value, Z, is taken as a generic grid impedance, independently of the number of loads and
their magnitude. Obtaining this impedance just from the voltage and current measurements
obtained at the converter side is not enough to perform an accurate model of the system and
thus, additional sensors are required at the load or at the grid side. This will be proved based
on the impedance calculation results shown in Fig. 4.3. The test setup and all the laboratory
aspects required to perform the experimental verification are presented in Appendix E.
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Figure 4.3: Experimental Results. Equivalent grid impedance at the PCC measured at 50Hz. From left to
right: Unbalance induced in phase a, phase b and phase c. From top to bottom: a) phase impedances, b)
|ΣZ| component, c) phase of ΣZ, d) |∆Z| component and e) θei , which corresponds to the unbalance angle.

Being the system under evaluation the one shown in Fig. 4.2 and under balanced con-
ditions, three set of experiments have been performed, one per each phase. Each of these
tests consist in inducing a load unbalance by changing the impedance of the load at each
phase at instant 0.1 s. Calculation of the impedance terms at 50 Hz are based on expressions
(3.11), (3.12) and (3.13), which are shown in blue trace in Fig. 4.3 a)-e). These theoretical
results have been compared with the terms obtained from evaluating expressions (3.40) and
(3.41) with real measurements, at both grid and converter side. For the case of the grid side,
expressions (3.40) and (3.41) are particularized in (4.1) and (4.2), being the ones labelled as
Grid Side.

ΣZαβg =
(v+
gαβ − v

+
cαβ ) · i+gαβ − (v−gαβ − v

−
cαβ ) · i−gαβ

(i+gαβ )2 − (i−gαβ )2
(4.1)
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Figure 4.4: Experimental results. Voltage measurements at the PCC, under three different unbalance
conditions as a consequence of a change in the load impedance. Unbalance is induced by connecting a
parallel 18 Ω load at 0.1 s, to the 18 Ω balanced load at the PCC. From left to the right: Unbalance induced
in phase a, unbalance induced in phase b and unbalance induced in phase c. From top to bottom: a) phase
voltages, b) α, β components, c), d) and e) are the positive, negative and zero sequence components of the
voltage vector.

∆Zαβg =
(v−gαβ − v

−
cαβ ) · i+gαβ − (v+

gαβ − v
+
cαβ ) · i−gαβ

(i+gαβ )2 − (i−gαβ )2
(4.2)

where vgαβ and igαβ are the PCC voltage and the grid current and vcαβ and icαβ are the
voltage and current at the converter side.

For the three cases, the VSC 1 is operated in STATCOM mode, where d-axis is devoted
to maintaining the DC-link at nominal voltage and the remaining level of freedom is used to
inject a constant current of 10 A in the q-axis. The VSC is commanded to inject current to
illustrate the effect of the load unbalance over the converter current.

At initial time, the impedance load at the PCC is balanced and equal for the three phases
(Za = Zb = Zc = 18 Ω). As expected, neither negative nor zero components are present within
the system. Figure 4.4 gathers voltage measurements at the PCC of the system according to
the configuration shown in Fig. 4.2 for the three set of experiments. Similarly, the measured
currents from the grid and converter sides are shown in Figs. 4.5 and 4.6, respectively. At
instant 0.1 s, a 18 Ω load is connected in parallel to phase a, decreasing the initial impedance
value at this phase by 50 %. Voltage unbalance arises at the PCC, where a negative sequence
voltage value of 14.4 V is measured, as it is shown in Fig. 4.4. The presence of the unbalance
is also reflected in both Figs. 4.5 and 4.6 where 11.2 A of zero sequence current starts flowing
through the system. Similarly, 1.2 A of negative sequence current is measured from the
converter side and 5.2 A, from the grid side.

The test is repeated by inducing the same unbalance in the other two phases (results from
unbalance in phase b and c are shown in the middle and right columns, respectively). Similar
results are obtained in the measurements of the voltage and current magnitudes.

The interesting aspect of this set of experiments lies on the comparison of the unbalance
angle, θie, already defined in (3.13), which depends on the phase affected by the unbalance (see
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unbalance induced in phase c. From top to bottom: a) phase currents, b) α, β components, c), d) and e) are
the positive, negative and zero components of the current vector.

Fig. 4.3 e)). In the first case, the impedance angle changes from 0 deg to −26.67 deg. In the
second case, where the unbalance takes place in phase b, θei changes from 0 deg to −148.3 deg.
Notice that this result is 120 deg delayed with respect to the unbalance in phase a, ideally
should be θb = −26.67 − 120 = −146.67 deg. The difference between the theoretical result
and the experimental one is considered within the tolerance error. For the unbalance in phase
c, the change is from 0 deg to 93.33 deg, which corresponds to θc = 120− 26.67 = 93.33 deg.
The remaining variables depicted in Fig. 4.3 are not dependent on the phase unbalance but
only on the magnitude of the unbalance. For this reason, |ΣZ| decreases from 2.8 Ω to 2.7 Ω
and |∆Z| increases at instant 0.1 s from 0 to 0.15 Ω.

As shown in Fig. 4.3, there are evident differences between the impedance results obtained
from the converter side (green line) and those observed from the grid side (red line). This
proves that an extra sensor is required. This clear inaccuracy is a consequence of the lack of
information on the unbalance contained in the converter side currents. As it has been already
pointed out, requiring an extra sensor for the grid side current, igαβ , is undesirable, and thus,
an impedance estimation method capable of doing without it would be a serious improvement.

This situation may be solved by the addition of a high frequency signal at the converter
side. This is theoretically supported by Fig. 4.7, which shows a schematic simplification from
the system of Fig. 4.2. By applying the superposition theorem [4.3], the original circuit can be
split into two: one at grid frequency, 50 Hz, which includes the grid voltage source, and the
other one at the high frequency of the added signal. At 50 Hz, the presence of the grid voltage
source affects the voltage seen by the converter at the PCC, making impossible to estimate
the current load without additional sensors (whether at the load or grid side). However, an
analysis of the circuit at the frequency of the high-frequency signal, allows an estimation based
on the information gathered just by the converter sensors. Notice that, at this frequency, the
voltage provided by the converter is the only source in the circuit.
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Figure 4.6: Experimental results. Converter current measurement at the PCC, under the three different
unbalance conditions described in Fig. 4.4. From left to right: Unbalance induced in phase a, phase b and
phase c. From top to bottom: a) phase currents, b) α, β components, c), d) and e) are the positive, negative
and zero components of the current vector.

In the following section, an approach to unbalance estimation based on the injection of a
high frequency signal is proposed. The proposed method will enable the estimation of grid
impedance based exclusively on converter side values, thus becoming a sensorless procedure.

4.3 High Frequency Signal Injection

As mentioned in Chapter 2, HFSI methods are based on the injection of a low voltage
signal into the system and the subsequent analysis of the system response. The voltage signal
might be commanded within the current control of the VSC, however, the selection of the
magnitude of this signal as well as its frequency is not a despicable aspect, being affected by
several factors.

4.3.1 Frequency Selection

The selection of the frequency to perform the injection as well as the magnitude of the
signal has to be done based on the following considerations:

i. The current control loop of the VSC might react and compensate the injected signal
if the bandwidth of the controller (typically in a range of 100-500 Hz [4.4]) is above
of the signal injection frequency. A solution to avoid this inconvenience might be
to choose the frequency of injection above the bandwidth of the current controller.
Complementary, a possible solution could be to install a notch filter in the current
feedback tuned at the frequency of the injections. In this way, the controller would
become insensitive to the high frequency signal.
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ii. The resulting signal derived from the injection, ihfαβ , will have positive and negative
components since they are complex vectors. It has to be kept under consideration that
filtering negative sequence current from the positive one is easier at higher frequencies,
since there is more spectral separation. This fact allows to increase the resolution of
the system at light unbalance conditions

iii. The magnitude and frequency values can be tuned separately. From a power quality
perspective, increasing the frequency and reducing the magnitude is preferred. How-
ever, this reduces the signal to noise ratio of the method [4.5]. Moreover, the selection
of the frequency should provide enough spectral separation from the current controller
bandwidth and, according to Nyquist Theorem, should not be higher than half the
switching frequency if synchronous sampling is to be used.

iv. The interharmonic frequency should be selected, not to interfere with possible addi-
tional shunt-connected converters at the PCC, which may compensate the injected
signal in case of being an integer multiple of the fundamental frequency [4.6]

v. The selection of the frequency of the excitation signal should avoid frequency bands
typically affected by other compensating systems which may be present in the grid
(e.g. −5th,7th).

vi. In order to avoid resonance issues, when the converter is interfaced with the grid
through an LCL filter, its resonance frequency should be considered. Typically, this
value falls between ten times grid frequency and one-half of the switching frequency
[4.7]. In this case, considering a switching frequency of 10 kHz, the resonance frequency
should lie between 0.5 and 5 kHz.

Based on the enumerated considerations, the voltage excitation magnitude was chosen to be
10 V and the excitation frequency was selected to be far enough from the multiple harmonics
of the grid and above 250 Hz. The following set of frequencies are all valid for the aim of this
study: 333; 433; 633; 763 Hz. Note that the developed model does not take any assumption
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about the excitation frequency, and thus, it can be used to any fix frequency excitation just
changing the ωhf variable by the frequency of interest.

4.3.2 Method Implementation

If a balanced high frequency (ωhf ) carrier-signal voltage, vhfαβ , as denoted by (4.3), is
added to the converter voltage command, as it is depicted in Fig. 4.8, it will induce a high
frequency current given by (4.4).

vhfαβ = V hfejωhf t (4.3)

ihfαβ = V hf
n∑
i=1

[
ΣY hfi ejωhf t + ∆Y hfi ej(−ωhf t+θ

i
e)
]

(4.4)

According to the modelling procedure already presented in Chapter 3, this high frequency
current includes a high-frequency negative sequence component determined by the impedance
unbalance, that can be modelled as in (4.5).

ihfαβ =V hfαβ
+

n∑
i=1

[
ΣYie

jωhf t −∆Yie
−j(ωhf t+θihf )

]
+V hfαβ

−
n∑
i=1

[
ΣYie

−jωhf t −∆Yie
j(ωhf t−θihf )

]
(4.5)

Figure 4.8 shows a schematic of the high frequency signal injection into the current control
loop of the VSC. The high frequency signal (vhf ) is injected at the output of the current
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control, just after the grid voltage feedback (vg). The feedback current, ic in Fig. 4.8, has
been filtered not to include the high frequency signal inside the controller. The expression
of the resulting high frequency current provided by (4.5), is based on (3.32). Notice that
the latter equation is valid for any excitation voltage with fixed frequency. However, two
important differences arises when compared with the expression at grid frequency:

i. As the high frequency voltage is created by the converter and superimposed to the
fundamental voltage, the resulting high frequency converter current, ihfc , contains the
unbalance information. Hence, measuring the current at the load, il, or grid side, ig,
is not needed to proceed with the compensation.

ii. Isolating the negative sequence current from the positive one is easier at higher fre-
quencies, since there is more spectral separation. This allows to increase the resolution
of the system, making it feasible to deal even with light unbalance conditions.

The fact that current in (4.5) provides information about the unbalance and the admit-
tance of the system allows its use as a sensorless impedance estimation tool, in combination
with the modelling technique presented in the previous chapter.

4.3.3 Equivalent Impedance Terms at High Frequency

The model presented in Chapter 3 has been proved to be an alternative solution to define
the impedance of any system. Based on the expressions (3.40) and (3.41), it is possible to
determine the impedance terms at a certain frequency for any system in real time. Thus, if a
voltage signal is injected at 333 Hz, (4.6) and (4.7) are valid expressions to identify ΣZeq and
∆Zeq at that frequency, since it is the only excitation present in the system at that frequency
as it has been reflected in Fig. 4.7.

ΣZhfeq =
vhfαβ

+ · ihfαβ
+ − vhfαβ

− · ihfαβ
−(

ihfαβ
+
)2

−
(
ihfαβ
−)2 (4.6)

∆Zhfeq =
vhfαβ
− · ihfαβ

+ − vhfαβ
+ · ihfαβ

−(
ihfαβ

+
)2

−
(
ihfαβ
−)2 (4.7)

However, for such case, since the estimation is performed at a different frequency from the
one from the grid, the magnitudes of ΣZαβeq and ∆Zαβeq components obtained at 333 Hz are
different to the ones expected at 50 Hz.

Moreover the phase impedance of the load will be different from the equivalent one seen
by the converter, since the latter is affected by grid impedance, as it is shown in Fig. 4.7(b).
Based on this fact, the next section studies the performance of the method according to the
frequency injection and the connection of the load to the PCC.

4.4 Equivalent Impedance of Passive Loads

The high frequency method has been initially adapted to identify the impedance of a
system loaded by passive loads. Considering as passive loads, such elements that present a
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lineal response against excitations, for a constant frequency. The experimental tests described
in this section were carried out in the LEMUR facilities within a workbench as the one
described in section E.2 from the Annex E.

4.4.1 Impedance Estimation at High Frequency

The purpose of the experiments presented in this section is to prove the performance of
the HFSI method, in combination with the algorithm model, as a sensorless estimation tool
capable of tracking load impedance changes. As a first step, the experiments were simulated
using MATLAB/Simulink® software, in order to have a benchmark to evaluate the perfor-
mance of the method. Then, additional tests were carried out to evaluate the performance of
the technique under real operating conditions.

Initially, the impedance was estimated at the frequency of injection and compared with the
expected results from the simulation. Different step-changes in the load impedance values (za,
zb, zc) have been applied and the predicted model values for the current and the impedances
have been compared with respect to the simulation and the experimental results. The grid
inductance value, load magnitudes and all the test variables are gathered in Table (E.1) in
Annex E.

The technique has been evaluated within the system shown in Fig. 4.2, where VSC 1 is
working in STATCOM mode, as it was described in previous section, only demanding energy
to maintain the DC-link at the desired voltage level. At this point, the high frequency signal
is injected at the output of the current control as it was shown in Fig. 4.8. As discussed
previously, the existence of unbalances, both in the impedance and in the voltages, yield to
negative and zero sequence components in the current vector (3.32), (3.33).

Fig. 4.9 and 4.10 shows, respectively, the experimental high frequency voltage at the PCC
and current signals injected by the converter used to perform the estimation of the equivalent
grid impedance. For the sake of clarity, these signals are presented in the synchronous reference
frame at 333 Hz. Until t = 0.1 s, the system is kept balanced, instant when the unbalance
is produced. As expected, both the negative voltage and current sequences change in phase
magnitude, providing information about the unbalance.
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Figure 4.9: Experimental results. High frequency voltage at PCC. Each column presents the results
considering an unbalance in a different phase, left column: unbalance in phase a, in the middle: unbalance
in phase b and column at the right: unbalance in phase c. From top to bottom: a) Positive sequence of the
high frequency voltage signal in the dq reference frame at 333 Hz, b) Negative sequence in the dq reference
frame at 333 Hz.



4.4 Equivalent Impedance of Passive Loads 107

[A
]

[A
]

a)

b)
-2

0

2

-0.2

0

0.2

Time [s]
0.0 0.150.05 0.1 0.0 0.150.05 0.1 0.0 0.150.05 0.1

Figure 4.10: Experimental results. High frequency converter current. Each column presents the results
considering an unbalance in a different phase, left column: unbalance in phase a, in the middle: unbalance
in phase b and column at the right: unbalance in phase c. From top to bottom: a) Positive sequence of the
high frequency current signal in the dq reference frame at 333 Hz, b) Negative sequence in the dq reference
frame at 333 Hz.

A comparison of the impedance terms, similar to the one presented in the previous section,
is shown in Fig. 4.11. In this case, it consists of a comparison of the results obtained from the
Matlab/Simulink® simulation, the results extracted from the theoretical expressions at high
frequency (3.11)-(3.12), based on the phase impedance terms, and the results from evaluating
expressions (4.6)-(4.7) with real measurements, from Fig. 4.9 and 4.10.

The sequence of the experiment is similar to the one explained above in Fig. 4.3. Under
balanced conditions, at instant 0.1 s, an additional load of 18 Ω is connected to one of the
phases of the load, inducing an unbalance in the system. According to this, every impedance
term is calculated only based on the converter side measurements. The same experiment is
repeated for every phase and each column of the figures represents the unbalance in one of
the phases.

The results in real time are shown in Fig. 4.11, however, to facilitate the analytical
analysis, the numerical results are also provided in Table 4.1, which summarizes the RMS
current values, at 50 Hz and 333 Hz (hf superscript), of the model, the simulation and the
experimental results. In this table, t1 and t2, represent the instants before and after the
connection of the additional load causing the unbalance. The left columns show the current
values that are obtained by applying the mathematical model presented in (3.32). The middle
and right columns of Table 4.1 provide the results obtained from a MATLAB/Simulink®

model, and from the experimental results, respectively. The results are shown, in rows, for
each of the phases, and the error is provided as a percentage of the results obtained from the
model.

The current values presented in Table 4.1 are calculated based on the equivalent impedance
of the system in Fig. 4.2, both at 50 Hz and 333 Hz. As it was stated above, grid currents,
I+
gαβ and I−gαβ , are produced by the interaction of both grid and converter voltages. These

estimated grid currents are supported by the results presented in Fig. 4.5(c) and (d). On

the contrary, Ihf
+

αβ and Ihf
−

αβ result from the high frequency excitation signal provided by the
converter, according to (4.3). Thus, for this case, only the converter voltage at 333 Hz needs to
be considered. Clearly, there is a close agreement among the proposed model, the simulation
and the experimental results for all the tested conditions. Nevertheless, small deviations are
perceived in the experimental results, due to the fact that the simulations are conducted using
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Figure 4.11: Experimental Results: Comparison of the results obtained in simulation (blue line), theoretical
expression (red line) and experimental results (yellow line) of the presented method. Each column presents
the results considering an unbalance in a different phase, left column: unbalance in phase a, in the middle:
unbalance in phase b and column at the right: unbalance in phase c. From top to bottom: a) Equivalent

value of ΣZ, b) Angle in deg. of the ΣZ, c) Equivalent value of ∆Z and d) θie.

an ideal voltage source. This might not be the case in the experimental tests, where a real grid
is taken as PCC, thus including non-ideal voltage conditions. Besides that fact, calibration
differences among the three current and voltage sensors are possible causes of the error which,
in any case, remains below 9% for all the conducted tests.

In order to achieve the proposed sensorless unbalance compensation, the equivalent dif-
ferential admittance/impedance at the PCC, as seen by the AC network at the fundamental
frequency, should be determined. With this aim, these values must be related with those pre-
viously obtained at the high-frequency injected by the power converter. With the definition of
variables used in Fig. 4.2, (3.32) can be represented in compact form as (4.8), whereas (4.4)
is given by (4.9).

Iωegαβ = Y ωeeqαβ · (V
ωe
sαβ − V

ωe
αβ

) (4.8)

I
ωhf
αβ = Y

ωhf
eqαβ · (V

ωhf
αβ − V ωhfsαβ ) (4.9)

In (4.8) and (4.9), ωe is the fundamental frequency and ωhf the high-frequency. The Yeq is the
equivalent admittance at the PCC, determined from the parallel connection of the grid and
the load impedances as: Yeq = Yg+Yl and can be determined using (3.37). By analyzing (4.8)
and (4.9), it is clear that the equivalent admittance can be determined, at the two different
frequencies, from both expressions. In traditional unbalance compensation approaches, (4.8)
is used, although, as it has been already pointed out, that requires an additional current sensor
for the grid or load current. On the contrary, in the method proposed in this section, only the
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Table 4.1: RMS Current Values Comparison

Model Simulation Experimental

(A) error (%) error (%)
a t1 t2 t1 t2 t1 t2

I+
gαβ 14.42 17.68 1.05 0.34 0.0 1.2

I−gαβ 0.0149 4.288 0.0 5.2 0.0 7.87

Ihf
+

αβ 0.6632 0.7501 1.01 4.81 0.48 5.01

Ihf
−

αβ 0.0197 0.1258 0.0 3.11 0.05 3.8

b t1 t2 t1 t2 t1 t2

I+
gαβ 14.33 17.13 0.49 1.42 0.21 2.78

I−gαβ 0.044 4.238 0.0 3.5 0.54 7.46

Ihf
+

αβ 0.6679 0.7442 2.5 4.9 0.83 8.95

Ihf
−

αβ 0.0196 0.125 0.0 3.01 3.16 3.73

c t1 t2 t1 t2 t1 t2

I+
gαβ 14.26 17.36 1.68 1.48 0.08 3.77

I−gαβ 0.0043 4.303 0.0 3.2 0.0 7.80

Ihf
+

αβ 0.6675 0.741 2.5 5.1 0.3 5.34

Ihf
−

αβ 0.0198 0.1198 0.0 3.09 1.10 8.85

converter current is measured, and thus, the compensation will be determined from (4.9). It
is worth noting that, assuming that the grid voltage is represented as an ideal voltage source
upstream the grid impedance, the high-frequency component of the grid voltage (V

ωhf
sαβ ) turns

out to be zero.

In the next section, a feasible solution to identify the unbalance at the grid frequency
based on the gathered information from high frequency, is presented.

4.4.2 Impedance Estimation at Fundamental Frequency

Under the conditions described in the previous section, an additional expression that
engages the impedance expressions at grid and high frequency is required. An approach
might consist in the injection of a dual high frequency signal at two different frequencies,
which may allow to establish a correlation between the magnitudes and frequencies of the
impedance terms. The ratio between the terms at different frequencies needs to be calculated
in real time by using converter measurements. This correlation might be expressed according
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to (4.10)-(4.13), where ωhf and ωhf ′ are the two frequencies of injection.

∆Rα =
ωhf ′ · ωhf
ωhf − ωhf ′

<{∆Zhf ′eq }
ωhf ′

−
<{∆Zhfeq }

ωhf

 (4.10)

∆Rβ =
ωhf · ωhf ′
ωhf ′ − ωhf

={∆Zhfeq }
ωhf

−
={∆Zhf

′

eq }
ωhf ′

 (4.11)

∆Lα =
={∆Zhf

′

eq } − ={∆Zhfeq }
ωhf ′ − ωhf

(4.12)

∆Lβ =
<{∆Zhf

′

eq } − <{∆Zhfeq }
ωhf − ωhf ′

(4.13)

These expressions allow to establish a correlation between the terms obtained in real time
and the ones defined according to expressions (3.46) and (3.47). Moreover, combination of
∆Rαβ , ∆Lαβ terms with a certain frequency, ωn, allows to establish an expression for ∆Zαβeq
at that frequency. This is synthesized in expression (4.14), which is particularized for the case
of 50 Hz and assuming an inductive profile.

∆Zαβ50 = ∆Rα − ωe∆Lβ + j(ωe ·∆Lα + ∆Rβ) (4.14)

From expression (4.14) it is possible to determine the corresponding ΣZαβeq term, at 50 Hz,
based on the definition from (3.22) and (3.23).

Once the model has been defined as bidirectional, it is possible to determine the negative
sequence current component resulting from the load unbalance. The procedure of estimation
and later on compensation is described in the following sections.

It has to be highlighted that this approach provides information of the negative sequence
present under the unbalanced conditions. It is not determining the amount of energy de-
manded by every single load. In this matter, it has been included in Fig. 4.12 an analysis of
the equivalent impedance seen by the converter side against the frequency. A resistive load, of
18 Ω, is connected in parallel with the grid inductance. It can be seen that at high frequencies
the grid side is equivalent to an open circuit from the converter side. On the contrary, at
lower frequencies the equivalent impedance is a short-circuit. This aspect will be afforded in
more detail in Chapter 6.
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Figure 4.12: Deviation from frequency
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4.5 Negative Sequence Current Estimation

Based on the exposition presented in the previous section, the estimation of the impedance
term at 50 Hz is the first step to determine the negative sequence current induced under un-
balanced conditions. A HFSI strategy is proposed to determine those unbalance conditions.
Traditionally, HFSI techniques are devoted to islanding detection, requiring the injection of
a single high-frequency signal. However, in the present approach, identification of the unbal-
anced conditions and its later on compensation, requires the injection of two high-frequency
signals. Consequently, the complexity of the control loop is increased, since obtaining the con-
trol signal requires to process additional data and a filtering system that allows to isolate the
signal of interest. This dynamic filtering system is a key aspect of the estimation technique.
If the injected voltage signals and their resulting currents are not well isolated from the ones
at grid frequency, the current controller of the VSC may react against them, frustrating any
impedance estimation possibility.
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Figure 4.13: Control loop schematic

The proposed negative sequence compensation scheme is described in Fig. 4.13. Two
positive sequence high frequency (433 and 763 Hz) carrier voltages, vhf1+

Cαβ and vhf2+
Cαβ , are

added to the converter voltage command, inducing two negative sequence components in the
converter current at the same frequencies, ihf1−

Cαβ and ihf2−
Cαβ , when an unbalance condition exist.

The filtering system is responsible for isolating both the positive and negative components
of the voltage and current signals at the frequencies of interest (fundamental, hf1 and hf2).
Using that information and according to (4.10)-(4.14), the system unbalance at grid frequency,
50 Hz, can be estimated. Once the equivalent impedance at 50 Hz has been obtained from the
impedance model, the required negative sequence current compensation can be determined
using (3.32) and the voltage at the PCC, vωegαβ . Finally, the resulting current is used as a
reference driven to a negative sequence current controller.
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4.5.1 Filtering System Description

The proper performance of the estimation technique is based on the accuracy of the filtering
system to isolate each component. Voltage and current signals, at their respective frequencies,
will be used to feed the estimation algorithm, and then, provide an accurate impedance value,
which will be used to determine the negative sequence current term. The filtering structure
designed is composed of cascaded High Pass Filters (HPF) banks (one per frequency) and
an additional Low Pas Filter (LPF) at the frequency of interest. The filtering system is
schematically depicted in Fig. 4.13. However; its real configuration resembles the model
shown in Fig. 4.14(b). The filtering process is synthesized as follows: the measured signal,
X, is used to feed the filter bank. Since fundamental frame coordinate rotation provides a
frequency shift of −ωe, harmonic orders k = n ± 1 become k = n, where n assumes integer
values. Consequently, in this frame, the positive and negative sequence harmonics of one
pair are of the same order, and both can be simultaneously voided by a single HPF at that
particular frequency. This fact allows to reduce the number of filters.
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Figure 4.14: (a) Band frequencies for a HPF and LPF. (b) Schematic of the cascade filtering system for
the converter voltage and current signals, according to the fundamental and the two injection frequencies.

The filters are tuned at fixed frequencies, as shown in Fig. 4.14(a). This means, the signal
is rotated to each frequency and then the respective filter is applied. Fig. 4.14(b) shows
the filters for the positive sequence signals. An equivalent procedure is required to isolate
the negative sequences. The last LPF is responsible to erase the remaining energy from the
frequency of interest. The equations of the HPFs and LPFs are shown in (4.15) and (4.16),
respectively.

HPF (s) =
s2

s2 + 2ω0ξs+ ω2
0

(4.15)

LPF (s) =
ω2
n

s2 + ωns+ ω2
n

(4.16)

The bandwidth of the filters is ωn = 2π10 rad/s and ω0 = 2π5 rad/s. The damping factor, ξ,
has been selected to be

√
2. In order to evaluate the filter performance, the input signal has

to be rotated to the corresponding reference frame, by using (4.17),

Xfo = XCαβ · e
−j(ωi−ωo) (4.17)

where, ωi − ωo corresponds to the frequency difference between the frequencies. Then, the
corresponding expression, (4.15)-(4.16), is applied to the rotated signal.
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The proposed filtering structure induces changes and delays in the phase of the system,
which can lead to instabilities in the control. Therefore, once the filtering bank is established,
the frequency response of the system should be analysed to assure the control stability. To
illustrate the procedure, the isolation of one of the negative sequence signal (at −433 Hz) is
analysed. Identical procedure can be carried out for the other frequencies.

Figure 4.15 shows the spectrum of the aforementioned signal, after the application of the
HPFs at the different frequencies. For this case, it can be observed how the filter chain is
attenuating all the frequencies of injection except for the one at −433 Hz. For the sake of
clarity, the LPF filter at −433 Hz has not been included in Fig. 4.15. Including this last
filter results in the full elimination of the rest of components, as it is shown in Fig. 4.16.
In this figure, the location of the frequencies of interest has been highlighted using red bars.
As expected, the spectral content at the frequencies of the HPFs has been virtually removed.
This fact is corroborated by the shape of the phase trace in the angle axis, where the angle
jumps from 180 to −180 deg, in the frequencies where a HPF is applied.

Consequently, according to the number of filtering stages, a set of six voltage signals
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Figure 4.16: Frequency spectrum obtained after the isolation of a −433 Hz signal
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Figure 4.17: Phase delay induced by the filtering chain at the frequencies of interest.

and six current signals must be obtained from the application of this methodology. The
isolated components of current and voltage at grid frequency are used by the positive and
negative sequence current controllers of the converter. On the other hand, the rest of isolated
components are employed to obtain the equivalent impedance terms.

If the filtering chain was perfectly isolated, the zero crossing at the phase diagram of
Fig. 4.16 should take place at the exact HPFs frequencies. Since the filters are not isolated,
cross-coupling exist, inducing angle delays that must be compensated in order to accommodate
the current signal used for the control. Those angles need to be compensated at the output of
every filtering chain, within the phase of the specific signal. To determine the exact frequency-
crossing, a polynomial approximation of 4th order for the phase angle trace at the frequency
of interest has been done. In this manner, the exact value of the trace at that frequency can
be determined. Evaluating each polynomial at the frequency of interest, the angle delays can
be obtained.

Based on the configuration presented above for the six filters, the resulting phase-angle
delays at each frequency are shown in Fig. 4.17. The highlighted point corresponds with the
exact phase value at the frequency of interest. The delay compensation is carried out by
subtracting those angles from the phase of the filtered signals.

4.5.2 Current Estimation at Fundamental Frequency

The filtering and isolation of the high frequency signals allow to obtain the equivalent
impedance of the system according to (4.14). This expression corresponds to the one obtained
from the block estimator in the schematic shown in Fig. 4.13. Combining the resulting
expression of ∆Z50

αβ with the ones presented in (3.32) makes it possible to obtain the negative
sequence current caused by the unbalance.

To illustrate the performance of the algorithm, a simulation based on the configuration
shown in Fig. 4.2 was carried out. The estimated currents are shown in Fig. 4.18. From the
beginning, a 3-phase balanced resistive load is connected at the PCC and at instant t = 2 s
two single phase loads with the same per-phase impedance are connected to two of the phases,
thus inducing an unbalance in the system. The estimator is able to extract both the positive
and negative sequence currents based on the information provided by the high frequency
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Figure 4.18: Simulation results: blue traces correspond to the measured variables and orange to the
estimated ones (3.32) (a) α positive sequence current; (b) β positive sequence current; (c) α negative
sequence current; (d) β negative sequence current.

signals. As it can be seen, Fig. 4.18, the tracking of the negative sequence components takes
few fundamental cycles, fast enough to be used as a feedback signal for the negative sequence
compensator.

Similarly, using (3.33), it is possible to estimate the zero-sequence current. Same experi-
ment as the one exposed previously has been performed to estimate the zero-sequence current.
The results are shown in Fig. 4.19. As in the case of the αβ terms, the zero-sequence current
closely matched the original signal.

4.6 Unbalance Compensation

Once it has been proved that the proposed method is able to determine the negative and
zero sequence current components resulting from an unbalance condition, the next step is to
demonstrate the feasibility of using the estimation for compensation purposes. In Section 4.6.2,
the compensation of the negative sequence component is addressed, while in Section 4.6.3 zero
sequence compensation is considered. For the negative sequence compensation, the design of
the current controller shown in Fig. 4.13 is firstly addressed.
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Figure 4.19: Simulation results: The blue trace corresponds to the measured zero-sequence current resulting
under the unbalance and the orange corresponds to the zero-sequence current obtained from expression (3.33).
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Figure 4.20: Current control loop of the system considering the HFSI technique used for impedance esti-
mation

4.6.1 Stability Analysis

Considering the control system of the VSC the one shown in Fig. 4.20, the use of the
filter chain in the feedback path could potentially reduce the close-loop phase margin and
trigger stability problems. Thus, the design of the current controller has to consider its
effect. A PI compensator in ideal form, assuming both the positive and negative control loops
are implemented in their respective synchronous reference frame is assumed (4.18). For the
positive sequence controller, the plant is referred to the positive-sequence reference frame,
according to (4.19). It has to be highlighted that since the filter bank is the same in both
positive and negative branches, the stability analysis is valid for both positive and negative
controllers. However, to avoid redundancies only the positive sequence will be explained in
detail, being the whole study valid for both controllers.

Ci = Kp ·
(

1 +
1

Ti · s

)
(4.18)

Gi =
1

Lf (s− jωe) +Rf
(4.19)

The magnitude Kp can be determined as Kp = 2πLfbw and Ki =
Kp

Ti
, where, Ti =

Lf
Rf

to achieve pole-zero cancellation. Initially, it was assumed a bandwidth for the controller of
bw = 100 Hz. This assumption is valid in case the feedback gain is unitary (i.e Hi = 1).
However, the presence of the filtering chain adds extra poles to the close-loop system, which
could potentially lead to system instability and thus requiring a new design of the current
controller.

Fig. 4.21 shows the location of the poles of the plant in open loop and the position of the
poles and zeros considering the effect of the filter in the feedback loop, without any controller
in both cases. As it can be seen in Fig. 4.21, the design theory is to place the zero added by
the controller approximately on top of the plant pole. This is analogous to the classical control
pole/zero cancellation methodology. In this manner, all terms are placed in the negative part
of the semi-plane, proving the system to be stable. It has to be highlighted that a LPF is not
included in the filter chain of the positive and negative sequence at ωe = 2π50 rad/s. The
controller itself suffice to filter out the non-interesting frequencies.

Command tracking, i.e., the output to reference ratio, (4.20), is a useful tool to evaluate the
performance of the current regulator design. Similarly, the disturbance rejection capability of
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Figure 4.21: (a) Pole-zero location of the plant (4.19); (b) Pole-zero location of the close-loop system
described in Fig. 4.20 without the controller

the controller can be evaluated according to (4.21), where vpi corresponds to the disturbance
signal, as reflected in Fig. 4.24. Both transfer functions are defined in this section in the
synchronous reference frame.

i′c
i∗c

=
CiGi

1 + CiGiHi
(4.20)

i′c
vpi

=
Gi

1 + CiGiHi
(4.21)

Figure 4.22 shows the evaluation of expressions (4.20) and (4.21), based on its frequency
response. Linear scale is used for the y-axis. This evaluation is made based on the study
presented in Section 4.5.1, which considers both positive and negative frequencies, since vari-
ables are evaluated using complex vector quantities. According to Fig. 4.22 (a), the controller
has a gain equal to one at zero frequency, which means that the VSC will have zero error
in steady state, in the synchronous reference frame. Similarly, Fig. 4.22 (b) shows that the
synchronous reference frame controller provides an adequate disturbance rejection at the fun-
damental frequency. However, this capability decreases rapidly as the frequency departures
from zero. This means that proper grid-synchronization and signal isolation is required to
accurate compensate for any system disturbance.
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Figure 4.22: (a) Frequency response of the magnitude of the transfer function from (4.20); (b) Frequency
response of the magnitude of the transfer function from (4.21)
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Figure 4.23: Pole-zero location of the discretized model from (4.20)

Until this point, this study has been conducted in the continuous time domain. However;
its implementation requires the analysis to be extended to the discrete domain. Since the
model needs a high accuracy at the specific frequencies of interest (positive and negative high-
frequency components), the discretization method must match the frequencies of interest at
the discrete domain. Several options exist for this constraint, including exact discretization
and match zero-pole. Considering the relative margin among the high-frequency components
and the sampling frequency (10 kHz), the Tustin approximation is also a good candidate. In
this case, the Tustin transform including prewrapping has been used.

Figure 4.23 shows the resulting zero-pole location of the system after the discretization of
(4.20). Since the location of all elements are within the unity circle, the system is considered
stable. However, the location of the poles are in the vicinity of the stable zone, meaning that
system might become unstable if the proportional term of the controller is increased above
Kp = 1.3351, which results for a frequency bandwidth of 126 rad/s.

Once the stability of the controller has been validated, the behaviour of the whole system
is tested through simulation in the next section.

4.6.2 Negative Sequence Compensation

Unbalance compensation is achieved by injecting negative and zero sequence currents
in opposition phase to the respective unbalanced currents [4.8]. There are several methods
proposed in the literature to compensate for this, all of them requiring to separate (filter) the
negative and zero sequences from the positive one, and to cancel them out by using negative
and zero sequence current controllers [4.8, 4.9]. In this thesis, the estimated negative-sequence
current using the high-frequency information is used.

The performance of the current control and the compensation strategy has been tested
by simulation results. The same setup configuration from Fig. 4.2 is considered, where a



4.6 Unbalance Compensation 119

[A
]

0
0.2
0.4

[A
]

-0.5

0

0.5

-5
0
5

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Time [s]

-5
0
5

10

(1) (2) (3) (4)

Reference
Converter Current(a)

(b)

(c)

(d)

[A
]

[A
]

Figure 4.24: Simulation results: (a) Positive sequence reference current for the d component of the con-
verter, in blue trace is the reference established by the voltage control and orange the corresponding current;
(b) Positive sequence reference current for the q component of the converter; (c) Negative sequence reference
current for the d component of the converter, based on the steps defined in the document; (d) Negative
sequence reference current for the q component of the converter.

resistive load is connected to the PCC. At the beginning of the simulation a balanced system
condition is established, being the converter operated in STATCOM mode. The rest of the
converter current references are set to zero. To validate the performance of the current control,
Fig. 4.24 shows the reference and commanded currents in both sequences of the VSC. Similarly,
Fig. 4.25 shows the grid, load and VSC currents as a proof of the compensation method. The
compensation strategy will provide the negative sequence current during the time that the
unbalance is present. To do so, the estimation method described in Section 4.5.2 will provide
the converter negative sequence reference current, and thus compensating the currents at the
PCC.

The events in the simulation are marked in red numbers in Fig. 4.25 and are as follows:
at t = 1 s, the load is balanced and no negative sequence is present within the system. At
t = 1.5 s, the unbalance is produced. This is brought about by the connection of the two
single phase impedances at the PCC at two different phases with a similar value of the one
provided by the balanced original load. The negative sequence reference of the controller is
set to zero, so no compensation is still provided from the converter and thus, the grid provides
the 5.8 A of negative sequence current demanded by the unbalanced load.

In the second event of the simulation, at instant 2.5 s, the negative sequence of the
load current is used as reference for the negative sequence converter current. From this
instant, the converter is providing all the negative sequence current demanded by the load
and, consequently, the negative sequence current from the grid goes to zero. At t = 3.5 s,
the reference of the negative sequence current of the converter is again set to zero and the
negative sequence current at the grid side increases again.

Finally, at instant t = 4.5 s, the controller is fed with the compensating signal obtained
by applying the method proposed in this work. The results demonstrate that the behaviour
is similar to the one obtained by using the load current unbalance, though in this proposal,
this current is not directly measured. The results demonstrate compensation strategy is
functionally feasible.
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Figure 4.25: Simulation results: (a) Negatice Sequence current at the load side in the αβ reference frame;
(b) Negatice Sequence current at the grid side in the αβ reference frame; (c) Negatice Sequence current
provided by the converter in the αβ reference frame;

In a similar way, the compensation of the zero sequence current may be achieved by
combining the negative sequence expression obtained from the estimation. In the following
section further details of the zero-sequence current control are explained.

4.6.3 Zero Sequence Compensation

For the designing of the zero-sequence current control, a compensation system based on
resonant controllers has been proposed instead of the PI regulators previously described. This
solution can be directly applied to AC signals, as it is the case of the zero sequence component
and offers some advantages in terms of noise sensibility and signal processing requirements in
comparison with the synchronous frame demodulation approaches. The plant is considered
the same as in (4.19) and the control loop is shown in Fig. 4.26.
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Figure 4.26: Current control for the zero sequence current

The designing principle consists in transform a desired DC variable compensation network
into an equivalent AC one, so that it has the same frequency response characteristic in the
bandwidth of concern, [4.10]. This transformation can be achieved according to (4.22).

HAC(s) =
HDC(s+ jω0) +HDC(s− jω0)

2
(4.22)

where HAC stands for the AC transfer function, HDC for the DC one and ω0 corresponds to
the grid frequency at 50 Hz.
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A feasible designing procedure might consist in transforming a DC compensator that
achieves zero phase and magnitude error into an equivalent AC compensator. According
to the results shown in Section 4.6, PI controller (4.18) achieves the desired objective of zero
steady-state error. Thus, by frequency transformation of the controller transfer function (4.18)
using (4.22), yields to (4.23).

CPR(s) = Kp +
2Kis

s2 + ω2
0

(4.23)

CPR(s) is a resonant controller, which provides infinite gain in open loop at the resonant
frequency ω0 and that assures perfect tracking for components that oscillate at that frequency
when implemented in closed loop. The closed loop transfer function for the linear model of
Fig. 4.26 with compensator (4.23) is given by (4.24) and the bode diagram of the open loop
is shown in Fig. 4.27. The zoom area shows a cross-frequency with a phase margin of 48 deg
proving the system to be stable for a value of Kp = 0.534 and Ki = 0.0194.

i′0
i∗0

=
CPRGi

1 + CPRGi
(4.24)
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Figure 4.27: Bode diagram of the open loop system from Fig. 4.26

The close-loop reference tracking response given by (4.24) is shown in Fig. 4.28. In there,
it can be seen that the controller achieves zero state error at the stationary reference frame
(50 Hz), having an equivalent behaviour to (4.18) at the synchronous reference frame.
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Figure 4.28: Frequency response of the magnitude of the transfer function from (4.23)

Figure 4.29 shows the (4.24) command tracking, for the same conditions described in the
previous section: at t = 1.5 s two single phase impedances are connected at the PCC inducing
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Figure 4.29: Simulation results. Command tracking response of (4.24) to a zero sequence current reference
resulted from the presence of an unbalance in the condtions described in Section 4.6.2

the unbalanced conditions. The controller is enabled at instant t = 2.5 s. As it can be seen
in Fig. 4.29, proper reference tracking with zero steady state error is achieved.

The zero-sequence currents arise in the LV distribution system as a consequence of both
unbalanced and non-linear loads. The local compensation of zero-sequence currents in order
to avoid their propagation upstream from the PCC is a desirable ancillary service for power
converters, though only four-wire topologies are valid to comply with this function. This task
can be easily done by measuring the zero-sequence current at the grid side and implementing
a closed loop strategy for compensating it. Unfortunately, this requires not only an additional
sensor but also the connection or communication between distant points. The proposed algo-
rithm can be used instead of the additional sensors to estimate the magnitude of the unbalance
and thus provide a compensation current.

In Fig. 4.30, the compensation of the zero sequence component is demonstrated. Simula-
tion conditions are kept the same as previously described: the load is balanced until t = 1.5 s,
where two single-phase loads with same magnitude are connected in parallel to two of the
phases of the PCC. At this instant, 8.7 A of zero-sequence current start flowing from the
neutral wire. Fig. 4.30(a) shows the current flowing from the grid side, corresponding with
the same as the one demanded by the load Fig. 4.30(b). The estimated zero-sequence current
is then provided as a reference for the converter zero sequence controller, which starts the
injection at 2.5 s, Fig. 4.30(c), leading to a fast compensation of grid neutral current.
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Figure 4.30: Simulation results. Zero sequence compensation. (a) neutral current at the grid side (ig0),
(b) neutral current at the load side (il0), and (c) current at the converter neutral leg (ic0).

The explanation of the zero sequence compensation has been performed independently
from the negative sequence one, since different aspects of the controller design have been
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addressed. However, the unbalance compensation has to be done considering both sequences at
the same time. Consequently, the results shown are considering the effect of all compensation
sequences and thus, the simulation events take place at the same instant.

4.7 Conclusion

This chapter introduces the problem of estimating the impedance seen by a grid-connected
VSC in a system with multiple loads connected to the same PCC. With this aim, an estimation
technique based on HFSI is presented which is capable of evaluating the impedance at a
different frequency from the grid one, ωe, based on the impedance model presented in Chapter
3.

This high frequency demonstrates its capability to provide an accurate response at the
frequency of estimation. However, it does not yield to the equivalent impedance at grid fre-
quency. To do so, an updated technique consisting on the addition of a second high frequency
signal has been proposed. This second signal, together with the algorithm presented in this
work, makes it possible to determine the equivalent impedance of the system at grid frequency.

Once the impedance is determined, an estimation of the negative sequence current is
obtained. This current is used as the reference for the negative sequence current compensator.
A similar approach is used by the zero sequence current controller, thus virtually eliminating
the unbalance from the grid side.

The main contributions of this chapter are summarized as:

– A reliable technique to determine the impedance of the system based on the injection
of high frequency signals generated by the converter, which has been demonstrated and
supported by simulations and experimental results.

– A criteria to determine the frequency of injection of a excitation signal with a magnitude
which accomplishes with the THD of the system.

– A control system strategy based both on the estimation technique and the expressions
presented in Chapter 3, able to compensate the negative sequence induced under an
unbalance situation.

– A study of the filtering system required to isolate the signals used for the impedance
estimation, including an analysis of the response of the high and low pass filters.

– A current control stability analysis which combines both the traditional current control
of a VSC and the filtering system placed at the feedback of the current controller.

– An evaluation of the performance of the system under simulated conditions, where
the model is able to determine the impedance of the system, the negative and zero
sequence demanded by the unbalanced load and the compensation of both sequence
currents present in the grid side.
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Chapter 5

Grid Impedance Estimation
Considering Grid-tied Power
Converters

5.1 Introduction

Chapter 4 addressed the estimation of system equivalent impedance considering only pas-
sive loads connected at the PCC. The modelling technique proposed in Chapter 3, together
with the injection of high frequency signals, was used to achieve this objective. In the present
chapter, the estimation of the equivalent impedance when multiple VSCs are parallel con-
nected is tackled. A modification of the developed expressions presented in Chapter 3 to
include the VSC power references is here considered. A pulsed signal injection (PSI) tech-
nique is proposed instead of the high-frequency signal injection. This approach has advantages
when considering multiple converters as it can mitigate the interference of current regulators.
The gathered data is evaluated under a recursive least square (RLS) algorithm which will be
compared with the results obtained using the modelling approach developed in Chapter 3.
The comparison of the results pursuits a dual objective: 1) to prove the performance of the
RLS based estimation technique and 2) to extend the technique proposed in Chapter 3 to
those cases considering parallel-operation of power converters.

The chapter begins with a description of the power system configuration, as well as with
a description of the constraints induced by a multiple converter scenario. The proposed
model is supported by simulation and experimental results. A generalization of the equivalent
impedance considering the contribution from the converter power references is provided and
evaluated by simulation results. Then, the impedance estimation using an RLS algorithm is
developed. Finally, the conclusions are presented.
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5.2 System Description

The system under study is shown in Fig. 5.1. The grid-feeding converter VSC 2, is re-
sponsible to provide active and reactive power to the grid. The current injected depends on
its power references, and thus, it resembles a variable impedance from the point of view of
main AC-Grid. The converter VSC 1 is the responsible for the impedance estimation. Both
converters are paralleled connected at the PCC, and this, in turn, connected to the AC-grid.

Grid Impedance

Lg Rg
AC Grid

ig

vs vg
NN

PCC

VSC 2
Filter Impedance

L2 R2

v2
N

VSC 1

Filter Impedance

L1R1i1

N

v1

i1

PCC

i2

Figure 5.1: System schematic. Two power converters are considered connected to the PCC. VSC 1 is
responsible for the impedance estimation and VSC 2 is commanding power references.

Grid-feeding converters behave as a current source with a high output impedance. As
a consequence, VSC 2 can be considered as a variable impedance in parallel with the grid
impedance, and thus, according to the Thevenin theorem, the system from Fig. 5.1 can be
represented from the point of view of VSC 1 as an equivalent impedance, Zth, in series with
a voltage source Vth, as shown in Fig. 5.2.

vth

+

L1R1

v1
N

vg
N

i1

PCC

Zeq

Figure 5.2: Thevenin equivalent circuit of Fig. 5.1.

Based on this, the voltage across the equivalent impedance can be expressed as (5.1),
where vth is the Thevenin equivalent voltage and vg is the voltage at the PCC.

vzeq
αβ = vg

αβ − vth
αβ = Rαβi1

αβ + Lαβ
diαβ1

dt
(5.1)

Consequently, Lαβ and Rαβ are, respectively, the equivalent inductive and resistive terms of
the impedance Zeq. Notice, that Zeq is also considering the equivalent impedance of converter
VSC 2, which depend on its power references. Since VSC 2 can operate in the four quadrants,
it should be more adequate to define the equivalent impedance in the form of (5.2), as it was
already explained in Chapter 3. In case the impedance is balanced, diagonal terms (Zαα and
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Zββ) are equal and cross-coupling between phases, represented by non diagonal terms (Zαβ),
are not present.

Zαβ =

(
Zαα Zαβ
Zαβ Zββ

)
(5.2)

Expression (5.2) may be rotated to a common αβ reference frame, with n impedance elements,
according to the reasoning explained in Chapter 3, leading to expression (5.3).

Zαβ =ΣZ + ∆Z

= (ΣR+ ∆R)± j (ΣX + ∆X) (5.3)

Equation (5.3) is expressed in terms of resistive and reactance components to consider both the
reactive and capacitive behaviour of the equivalent impedance. Consequently, the impedance
is considered inductive for positive values of X and capacitive for the negative ones. Thereby,
the method can be used to account for four quadrant operation of power converters.

5.3 Impedance Modelling of Active Loads

Impedance identification in those applications considering power converters, as shown
in Fig. 5.1, requires analysing the effect of the converter operating point in the equivalent
impedance. Without loss of generality, VSC 2 is considered to be operated in P-Q mode, thus
commanding different current levels in the d and q axis. The equivalent converter impedance,
which can be expressed as a function of its average and differential values according to (5.3), is
measured using the converter side current and the voltage at the PCC. These relationships can
be determined by particularizing (3.40)-(3.41) for the converter VSC 2 connected at the PCC
of the system in Fig. 5.1. This case yields to (5.4)-(5.5), which are proved to be enough to
determine the equivalent system impedance (5.3), as exposed in Chapters 3 and 4, depending
on the converter operation.

ΣZαβV SC2 =
vg

+
αβ · i2

+
αβ − vg

−
αβ · i2

−
αβ

(i2
+
αβ)2 − (i2

−
αβ)2

(5.4)

∆ZαβV SC2 =
vg
−
αβ · i2

+
αβ − vg

+
αβ · i2

−
αβ

(i2
+
αβ)2 − (i2

−
αβ)2

(5.5)

This relationship between sequences is illustrated in Fig. 5.3. As said, under balanced situa-
tion, only ΣZ term is interacting at main frequency, but the ∆Z term is contributing to the
cross-term element under unbalanced conditions.

The evaluation of expressions (5.4) and (5.5) is carried out based on a simulation where
converters VSC 1 is disconnected and VSC 2 is commanding different levels of power according
the configuration shown in Fig. 5.1. Fig. 5.4 shows the operation of VSC 2 in the four quadrants
along with the positive/negative voltage and current sequences. Different values for the active
and reactive power components (5 A, 10 A, 20 A, 30 A) are considered, including both positive
and negative sequences. Notice that the components shown in Fig. 5.4 are represented in the
synchronous frame to facilitate the analysis.

Expressions (5.4) and (5.5) are evaluated considering vgdq and i2dq and according to the
values shown in Fig. 5.4. The resulting terms from this evaluation are exposed in Fig. 5.5. In
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Figure 5.3: Relationship between voltage and current, in frequency domain, according to expression of the
equivalent impedance ΣZ and ∆Z.

this figure, the results from (5.4)-(5.5) are also compared with a virtual impedance which would
provide the same values of ΣZ and ∆Z terms. This comparison might appear redundant,
however, it is a way to proof the reversibility of the modelling method, providing an equivalent
value of the impedance according to the operating conditions of converter VSC 2. The values
of the virtual phase impedances, which are obtained from (5.3) according to the procedure
described in Chapter 3, are shown in Fig. 5.6.

Based on the exposition from Chapter 3, the current from converter VSC 2 can be ex-
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pressed in terms of the impedance according to ΣZ and ∆Z, leading to obtain a relation
between positive and negative sequence components and the system impedance, as (5.6).

i2αβ =
ΣZ

ΣZ2 −∆Z2︸ ︷︷ ︸
ΣY

·Vgαβe
jωt − ∆Z

ΣZ2 −∆Z2︸ ︷︷ ︸
∆Y

·Vgαβe
−j(ωt+θ) (5.6)

Expression (5.6) can be rewritten in matrix form as (5.7), where both positive and negative
instantaneous voltages and real and imaginary admittance terms are considered, following the
same procedure as in (3.36).

i2
+
α

i2
+
β

i2
−
α

i2
−
β

 =


ΣYα −ΣYβ −∆Yα ∆Yβ
ΣYβ ΣYα ∆Yβ ∆Yα
∆Yα −∆Yβ ΣYα −ΣYβ
−∆Yβ −∆Yα ΣYβ ΣYα

 ·

vg

+
α

vg
+
β

vg
−
α

vg
−
β

 (5.7)
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Assuming that the converter references are provided as power commands, it is insightful to
rewrite (5.7) based on the active and reactive power of the device. Based on expression (3.57),
it can be particularized as (5.8).

P0
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P1

P2

 =
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2
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+
α vg

+
β vg
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β vg
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β vg
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β vg
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α
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β

i2
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α

i2
−
β

 (5.8)

Where P0 and Q0 are the average part of the real and imaginary power and P1 and P2 result
from the positive and negative terms interaction under unbalanced conditions, according to
the instantaneous power theory [5.1]. Combination of (5.7) and (5.8) allows to establish a
relationship between the admittance terms and power components, leading to expression (5.9).
It is important to remark that P0 and Q0 terms do not depend on the system unbalance.
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The evaluation of (5.9) is carried out using the voltage and current measurements represented
in Fig. 5.4. The results are shown in Fig. 5.7(a)-(d). To prove the consistence of the expression,
these results have been compared with the ones obtained from evaluating expression (5.8) with
same measurements. As shown, both expressions provide remarkably close results, which is
used as a prove of their equivalence.

By additional algebraic manipulation, the average and differential admittance components
can be expressed as a function of the power terms and the converter positive and negative
sequence voltages. The resulting expression is shown in (5.10). This expression highlights
how the average active (P0) and reactive (Q0) terms are related with the average admittances
while P1 and P2 are related with the differential.

ΣYα
ΣYβ
∆Yα
∆Yβ

 =
1

(vg+
α )2 + (vg

+
β )

2
+ (vg−α )2 + (vg

−
β )

2


P0

Q0

P1

P2

 (5.10)

The numerical evaluation of the equation is shown in Fig. 5.7(e)-(h). These results have
been also included in same Fig. 5.7 to make more evident how the changes in the power
references are affecting the rest of the power components and vice versa. The steps in the
pulsating terms of the powers, P1, P2, correspond with the changes in the ∆Y term. A zoom
at every change is included for comparison purposes.
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part of the real power component P0; (b) Average part of the imaginary power component Q0; (c) First
pulsating term associated with the term P1; (d) Zoom areas of the highlighted areas from P1 component; (e)
Second pulsating term associated with the component P2; (f) Zoom areas of the highlighted areas from P2

component; (g) Comparison of the absolute value of the ΣY term according to expression (5.6) and (5.10);
(h) Angle of the ΣY term; (i) Comparison of the absolute value of ∆Y ; (j) Angle of ∆Y .
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5.4 Equivalent Impedance Estimation Based on a
RLS Algorithm

Section 5.3 has described the procedure to obtain the equivalent impedance of the VSC
based on the modelling technique proposed in Chapter 3. Relying on the results provided
in [5.2], this section presents a solution based on a Recursive Least Square (RLS) algorithm
which provides an impedance estimation technique based on a Pulsed Signal Injection (PSI).
The algorithm will be used to provide an estimation of the converter operation according to
the aforementioned modelling tool. As opposed to the signal employed in Chapter 4, this
technique is based on the injection of a short duration voltage pulse superimposed to the
power converter output voltage. This strategy has some advantages in those environments
where several converters are operating at the same time, as it has the potential to mitigate
the interferences in current regulators.

5.4.1 Pulsed Signal Injection Technique

The proposed method uses a grid excitation technique based on the injection of a short
duration voltage spike into the voltage supply. The duration of this transient is limited
in order to maintain the voltage distortion of the system as low as possible. According to
the parameters of the injected signal, there are multitude of PSI strategies which can be
implemented, that range from a modification of the amplitude of phase voltages to their
complete inhibition at those instants close to their zero crossing. The method selected in this
implementation is conducted directly in the dq reference frame, thus matching the domain
used in the controller. The PLL is responsible to track the voltage signal and detect the
zero crossing of the voltage components in the dq reference frame. The voltage signal is
intentionally inhibited symmetrically with respect to the zero crossing instants in order to
avoid any dc component.
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Figure 5.8: PSI Loop implementation. The pulse injection is synchronized with respect to the grid voltage
zero crossing and it is added in the q component.

Specifically, the pulses are injected by modifying the duty cycle provided by the current
controller within the q component of the fundamental voltage. This is intentionally imple-
mented in this way, in order not to perturb the performance of the DC-link which is usually
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controlled through the d current component of the VSC. The magnitude and duration of the
pulse may contribute to ease the detection of the impedance but also might increase the cur-
rent THD, for this reason it is convenient to establish a trade-off between duration and also
magnitude. The values presented in Table E.2 have been used. Fig. 5.8 shows a detailed view
about the injection mechanism and the resulting voltage waveforms.

5.4.2 RLS Algorithm Implementation

This section describes the RLS algorithm employed in the estimation of the impedance
terms, which is based in the works previously presented in [5.2–5.4]. Considering the equivalent
impedance from circuit in Fig. 5.2 to be aligned with the spatial angle of the impedance, and
according to the reasoning presented in Chapter 3, the equivalent grid impedance can be
expressed as in matrix form as (5.2), where non diagonal terms (Zαβ) are zero in case of
balanced situation. Similarly, (5.2) can be expressed according to (5.11), Once again, by
considering the overall grid impedance dominated by the resistive and inductive terms.

Zαβ =

[
(ΣR+ jωeΣL)

(
1 0
0 1

)
+ (∆R+ jωe∆L)

(
cos θe − sin θe
− sin θe − cos θe

)]
(5.11)

From here, gathering expressions (5.1) and (5.11), and according to [5.5], the discrete approx-
imation of the grid current in αβ reference frame, employing Tustin method and a sample
time, Ts, is given by (5.12)-(5.13),

iαg [k]
= aα1 · iαg [k−1]

+ aα2 · iβg [k]
+ aα3 · iβg [k−1]

+ bα0
(
vα[k] + vα[k−1]

)
(5.12)

iβg [k]
= aβ1 · i

β
g [k−1]

+ aβ2 · i
α
g [k]

+ aβ3 · i
α
g [k−1]

+ bβ0

(
vβ [k] + vβ [k−1]

)
(5.13)

where

aα1 =

2
Ts
Lαα −Rαα

2
Ts
Lαα +Rαα

, aα2 = −
2
Ts
Lαβ +Rαβ

2
Ts
Lαα +Rαα

aα3 =

2
Ts
Lαβ +Rαβ

2
Ts
Lαα +Rαα

, bα0 =
1

2
Ts
Lαα +Rαα

aβ1 =

2
Ts
Lββ −Rββ

2
Ts
Lββ +Rββ

, aβ2 = −
2
Ts
Lαβ +Rαβ

2
Ts
Lββ +Rββ

aβ3 =

2
Ts
Lαβ −Rαβ

2
Ts
Lββ +Rββ

, bβ0 =
1

2
Ts
Lββ +Rββ

and vα, vβ represent the components of the voltage term vαβz , which is the difference between
the PCC and the grid voltages. From (5.12), (5.13) the values for the resistance and inductance
terms can be obtained as (5.14).

Rxx =
1− ax1

2bx0
, Lxx =

Ts
4

1 + ax1
bx0

,

Rxy = −a
x
2 + ax3
2bx0

, Lxy =
Ts
4

ax3 − ax2
bx0

(5.14)
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where x, y could be either α or β.

The RLS algorithm allows to estimate the resistances and inductances in (5.14) by deter-
mining the values of the coefficients axi and bxj . The grid voltage is assumed to be stiff enough
not to be affected by the pulse injection. Thus, it is possible to decouple the unknown grid
voltage vαβs , by only considering the current induced by the pulse injection.

The least squares problem is formulated in recursive form as in [5.5], using the equations
(5.15)-(5.18). The system equations are represented by defining the variables and coefficients
vectors, Xx

[k] , Wx
[k], as (5.19) and (5.20), respectively, where superscript x could be either

α or β. The estimated RLS current, îxg [k]
, is determined by the product Wx

[k−1] ·Xx
[k] in (5.15).

All the names of the variables are referred to those shown in Fig. 5.1.

αx[k] = ixg [k]
−Wx

[k−1] ·Xx
[k] (5.15)

gx[k] = Px
[k−1] ·Xx

[k] ·
[
λ+ Xx

[k]
T ·Px

[k−1] ·Xx
[k]

]−1

(5.16)

Px
[k] = λ−1 ·Px

[k−1] − gx[k] ·Xx
[k]
Tλ−1 ·Px

[k−1] (5.17)

Wx
[k] = Wx

[k−1] +
(
αx[k] · gx[k]

)T
(5.18)

Xx
[k] =

[
ixg [k−1]

, iyg [k]
, iyg [k−1]

, vxg [k]
, vxg [k−1]

]T
(5.19)

Wx
[k] =

[
ax1 [k], a

x
2 [k], a

x
3 [k], b

x
0 [k], b

x
0 [k]

]
(5.20)

In (5.15)-(5.18), P(5×5) stands for the covariance matrix and it is initialized to P = 0.01·I(5×5);
g(5×1) is the adaptation gain, and λ = [0, 1] is the forgetting factor, which need to be selected
as a trade-off of the expected estimation bandwidth and the signal to noise ratio. Values
between 0.95 and 1 are often selected. For this study, the values shown in Table E.2 have
been used. After the injection of a new pulse, the estimation of the W components for both the
α and the β components is updated and a new estimation for Rαβ and Lαβ is obtained using
(5.14). The algorithm has demonstrated to be fast enough to be implemented on medium
performance digital signal controllers as it is shown in [5.5].

5.4.3 RLS Accuracy Evaluation

To compare the accuracy of the RLS estimation method with the proposed modelling
technique for defining the equivalent impedance of a grid-tied converter, the following study
is proposed, where it has been considered only the operation of VSC 2. In this evaluation
converter VSC 2 is interconnected with an ideal voltage source responsible to establish the
voltage at the PCC, vg, and also to inject the pulse to obtain the data for the estimation. The
ideal voltage source is interconnected with converter VSC 2 by a filter as the one described in
Fig. 5.1, with L = 1.7 mH and R = 0.33 Ω. The simulation results comparing the performance
of the RLS and the modelling technique are illustrated in Fig. 5.9. In blue trace the results
obtained according to (5.4) and (5.5) and in orange the ones from the RLS method.

As shown, active and reactive commands for covering the four quadrant operation are con-
sidered. The current commands for the VSC are established based on the approach described
in [5.6] and according to (5.3) and (5.4)-(5.5), the equivalent terms of the converter impedance
can be obtained following the procedure described in Section 5.3. The results show a close
agreement between both solutions.
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An additional simulation has been carried out considering the operation of converter VSC 2
within the system from Fig. 5.1. In this case, the converter VSC 1 is also responsible for the
estimation and thus to implement the PSI strategy. The results are shown in Fig. 5.10. In
this case, both converters are parallel connected with the main grid. Thus to estimate the
equivalent impedance of the system, it has to be considered the impedance from the grid
side. The results from the RLS algorithm has been compared with the ones obtained from
the isolated operation of converter VSC 2 shown in Fig. 5.9, considering a grid impedance of
Rg = 0.33 Ω and Lg = 11 mH.
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5.4.4 Experimental Results

To test the performance of the RLS method, an initial test without considering the oper-
ation of converter VSC 2 was carried out. The purpose of this is to establish an evaluation
frame between the estimation provided by the RLS algorithm and the modelling technique.
The modelling technique provides, straightforwardly, the equivalent impedance of the con-
verter VSC 2. However, the RLS technique determines the impedance of the converter by
estimating the Thevenin equivalent between the converter and the grid impedance, according
to Fig. 5.2, thus grid impedance has to be decoupled from the RLS estimation, in order to
compare these results with the ones from the modelling technique.
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Figure 5.11: Experimental results. (a) Voltage waveforms of VSC 1 with the PSI; (b) Current waveforms
of VSC 1 with the PSI.

To determine the grid impedance through the RLS method, an initial test has been per-
formed, where converter VSC 2 is not commanding any power reference and converter VSC 1
is injecting the PSI signal to obtain the grid data. The estimation is performed at instant
t = 1 s, when VSC 1 starts injecting the pulses. Fig. 5.11 shows the experimental current in-
jection and the resulting voltage after the start of the pulse injection. As it can be seen, fewer
distortion is induced, in comparison with the previous HFSI method, and although current
control may react against the pulses, their presence on the voltage is still noticeable. This
also presents the benefit that stability analysis is not required. Before the RLS estimation,
the grid voltage, vαβs is subtracted from the one measured at the PCC, vαβg and i1 is used for
the estimation. Fig. 5.12 shows a comparison between the simulated results from converter
VSC 1 injecting the pulses as described in Fig. 5.8 and an experiment under same conditions.
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Figure 5.12: Experimental results. Comparison of RLS method between simulation results (in blue) and
experimental results (in orange). (a) Resistive terms of the equivalent grid impedance, from left to right:
Rαα,Rββ ,Rαβ ; (b) Inductive terms of the equivalent grid impedance, from left to right: Lαα,Lββ ,Lαβ .
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There is a close concordance between the simulation and the experimental results, which
can be used as a prove of the accuracy of the method. These values are achieved for a grid
impedance of L = 9 mH and R = 6 Ω. The grid impedance characteristic has been considered
the same for the rest of the analysis, and thus, to evaluate only the equivalent impedance of
converter VSC 2 it has to be decoupled from the results.

An additional experiment has been evaluated to prove the performance of the RLS in a
real environment. Fig. 5.13 shows the estimation of the grid impedance during different power
converter transients, comparing experimental and simulated results. For this case, in a setup
similar to the one shown in Fig. 5.1, converter VSC 2 is commanding 2.5 kVA of positive and
negative reactive power and VSC 1 is responsible for implementing the PSI strategy and the
RLS estimation. The impedance values are filtered with a 5 Hz low pass filter to remove
the high frequency noise affecting the ai and bj values. The results show a close concordance
between the terms from simulation with the experimental setup.

The magnitude of the inductive terms are similar for the positive and negative power
reference, differing on the direction on the Lββ term, which makes sense with the conditions
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of the experiment. The fluctuation in the resistive terms result from the losses in the filter.
Additionally, there is a slight variation between the Rαα and the Rββ terms which depends
on the direction of the current, being the module of the equivalent impedance term Zαα and
Zββ equal in both cases.

5.5 Conclusion

In this chapter, the problem of impedance estimation in grids with embedded grid-tied
converters has been addressed. The equivalent modelling of the converter, based on the
technique developed in Chapter 3, has been presented. Additionally, a RLS algorithm based
on a PSI technique has been applied to the online impedance estimation problem.

A simulated comparison between the modelling technique and the RLS estimation has
been carried out. For the validation, the power converter has been required to inject/absorb
different levels of active/reactive power. The results derived from the simulation prove that
the RLS converge to close values when compared with the proposed modelling.

Experimental results have been also provided, validating the conclusions driven from the
simulation tests. The contributions of this chapter may be summarized as follows:

– The validation of the model presented in Chapter 3 to determine the equivalent
impedance of a VSC depending on its power references. Proving to be a valid tool
to define the system conditions in the four quadrant operation as well as with balance
and unbalance conditions.

– An alternative excitation technique based on a PSI method has been proposed to be
implemented within the controlller of the VSC. This technique has been presented as
an alternative to the one proposed on Chapter 4, inducing fewer distortion than HFSI
solutions and with no need of additional stability analysis.

– The performance of an online impedance estimation technique based on the aforemen-
tioned PSI excitation method has been tested working in parallel with an RLS algo-
rithm. The performance of this technique has been compared with the results from the
modelling technique showing a close agreement between them.

– The proposed estimation technique has been evaluated under preliminary experimental
conditions, within a real environment with a VSC commanding different levels of active
and reactive power. These experimental results have been compared with the equivalent
impedance terms determined by simulation under the same conditions and proving a
close agreement.
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Chapter 6

Variable Switching Frequency
Control of Distributed
Resources for Improved
System Efficiency

6.1 Introduction

Efficiency of power converters has gained interest and importance over the past years.
The increased installation of distributed generation and the seeking for a maximization of
the renewable generation energy have motivated an increased interest on efficiency aspects.
However, this is a sensitive matter in the sense that it has to be analysed as a whole, concerning
the application, the regulatory conditions and the technical constrains.

Power converters are feasible solutions for interconnecting renewable energy sources with
the energy power system (EPS). Nevertheless, in prevailing applications, such as solar and
wind, they are operated rarely at rated values, being the efficiency at light loads a source
of great concern. Semiconductor switching losses can be cut down by a reduction of the
switching frequency. On the other hand, a reduction of the switching frequency may result in
an increase of the presence of harmonics in the system, not conforming with regulation [6.1],
which limits the harmonic current injected at the PCC. Thus, it is necessary to establish a
trade-off between the losses of the DR and the switching frequency that allows to accomplish
with regulation at the local EPS, maintaining a good system efficiency profile. In most cases,
once verified that the selected switching frequency (SF) complies with the harmonic emission
limits, it is maintained constant at any operating condition. Adapting the SF according to the
operating conditions leaves room for a global optimization of the power losses. Moreover, this
is proposed as a convenient approach for LV applications in which the large impedance of the
transformer at high frequencies allows to assume that most of the power losses are under the
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responsibility of the distributed resource (DR) owner and increasing the switching frequency
might result in the reduction of the distortion losses in the local grid.

Chapter 2 summarizes the most common modulation schemes for three-phase systems
as well as their main challenges, oriented to extend the linear modulation range and obtain
larger power density, improving the efficiency of the converters. Selective harmonic mitiga-
tion techniques could find a way to reduce low-order harmonic amplitudes at low frequency
modulation indices [6.2, 6.3]. Also, different modulation schemes, which allows to increase
system efficiency by reducing the number of switches operating at a time, like discontinuous
PWM techniques, may be a way to enhance system efficiency [6.4, 6.5]. Additionally, variable
switching frequency techniques are feasible solutions for the aforementioned applications, due
to their possibility of adapting the SF to the operating conditions.

In the previous sections, the impact of impedance estimation in endowing power converters
with the possibility of providing reactive power and unbalance compensation features has been
studied. In the present one, impedance estimation is presented as a key aspect to enhance
the efficiency of the power system, by a dynamic optimization of the SF depending on the
load level of the converter. The chapter introduces the regulatory limits of a system with
LV DRs, starting with the study of the effect of the SF on the harmonic emission in three-
phase VSC. Two-level inverters with first-order inductive filters are considered, as one of the
preferred technologies in LV applications. The evaluation of inverter losses, based on the
switching frequency conditions and including thermal constraints, is presented. An analysis
of the estimation of distortion losses caused by the inverter in the local grid is also included.
The proposed method for the on-line optimization of the SF is described then, as well as
the case study designed to demonstrate the validity of the proposal with their experimental
results. Finally, the conclusions drawn from the study close the chapter.

6.2 Efficiency Constrains

As it has been previously mentioned, converter efficiency is highly dependant of the switch-
ing operation, being possible to enhance it by adapting the frequency based on the system
conditions. However, converter operation is limited by a series of regulatory and technical
constrains. In this section, the limitations faced to enhance system efficiency, and the aspects
that might be addressed to improve converter performance are studied.

6.2.1 Switching Frequency and Current Harmonics

As a general rule, increasing the SF leads to a displacement of the harmonic spectrum of
the voltage at the converter terminals to a higher frequency range. Consequently, the inductive
behavior of the filter and grid upstream yields to a reduction in the induced current harmonics
due to the higher impedance of these inductances at the new frequencies. However, it is
important to note that the dead-time of the IGBTs limits the validity of the said statement,
leading to the emergence of low-frequency harmonics (mainly 5th and 7th order) [6.6, 6.7]
with a growing impact at higher SFs. Nevertheless, this effect can be mitigated by current
regulators, whose bandwidth use to fall within these values. Fig. 6.1 shows the current
distortion of an inverter given by the parameters shown in Table E.3 as a function of the SF.
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Figure 6.1: Current TDD as a function of the SF for different frequency bands. Effect of the dead-time in
low-frequency harmonics

According to the standard, [6.1], this value has been reported as the total demanded distortion
(TDD),

TDD =

√∑
I2
i

In
, (6.1)

which can be defined as the total root-sum-square of the current harmonics injected by the
DR unit, Ii, divided by the rated current capacity of that unit, In. In Fig. 6.1, TDD has
been split in two terms, TDDlf and TDDhf using the 40th harmonic included in [6.8] as a
limit between low and high frequencies. Thus, those parameters can be related as

TDD =
√
TDD2

lf + TDD2
hf , (6.2)

which allows to show the different behavior of the theoretical PWM harmonics and the non-
idealities induced by the dead-time. As it is shown in Fig. 6.1, the effect of the dead-time
reaches such an importance in TDD that increasing the SF over a certain limit becomes
counterproductive. The use of dead-time compensation techniques [6.9, 6.10] could potentially
raise this limit. It is also interesting to point out that the results shown in Fig. 6.1 are
independent of the load of the converter, as only the fundamental component varies on a
significant scale with the SF. On the contrary, and especially in weak grids, the values shown
is this graph can be affected to some extent by the impedance of the system upstream from
the converter terminals.This suggests that an online measurement of harmonic distortion
will provide better results than a theoretical estimation. Nonetheless, the simplicity of this
estimation can be valuable in most cases.

6.2.2 Converter Losses and Thermal Limits

Converter losses, PV SC , are mainly determined by switching losses, Psw, and conduction
losses, Pcd [6.11–6.13]. Other issues should be considered when assessing the efficiency of these
devices, such as cooling power; however, as they are not normally affected by the SF, they
will not be considered in this work. Switching losses are strongly influenced by the SF, fsw, as
well as by the load level of the converter, c, defined as the ratio between the actual and rated
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Figure 6.2: Converter switching and conduction losses as a function of the SF

current. Even if the power factor of the converter also affects this parameter due to variations
in the commutation phenomenon, this effect is hardly noticeable and can be neglected with
little error for the aim of this study. As increasing the SF results in a proportional rise of
switching events, the relationship between SF and switching losses is almost lineal. Conduction
losses, for its part, are mainly affected by the load of the converter, and in a more subtle way,
by the SF due to the increased current distortion that arises at lower frequencies. Taking these
facts into consideration, an approach to the converter losses, with c and fsw as parameters,
can be obtained by using expression (6.3).

PV SC(c, fsw) = Psw(c, fsw) + Pcd(c, fsw). (6.3)

The assessment of the aforementioned power losses for the specific IGBT power modules
mounted in the converter used for the experimental validation is shown in Fig. 6.2. To
obtain the said graph, a PLECS model of the converter was implemented [6.14]. This model
includes the thermal performance of the IGBT power modules, which allows to depict the
operational constraints of the converter in terms of SF. Thus, the imperative derating of the
device is shown in Fig. 6.3. This figure was calculated for each SF by assessing the load
level of the converter at which the junction temperature of the solid state devices equals the
temperature reached at rated values. The inclusion of these data in a two-dimensional look-up
table (LUT), together with the use of interpolation, is enough to obtain a good estimation of
converter losses as a function of c and fsw in the optimization scheme proposed in this work.
The exploitation of this table for control purposes by operating the converter at variable SF
is analyzed in Section 6.3. In any case, it is clear from Fig. 6.3 that, if the SF command f∗sw
lies on the forbidden area of the graph, it has to be reduced to the nearest feasible value, f∗∗sw.

6.2.3 Distortion Losses in the Local Grid

Regulation provides practical guidelines to comply with regulation, [6.8], which considers
the first 40 harmonics of the spectrum. This implies to operate converters at a SF typically
higher than 3 kHz, limiting the range of harmonics present at PCC. However, even if limited



6.2 Efficiency Constrains 145

by regulation, the injection of current harmonics into the distribution grid can cause significant
power losses which may be classified in two categories:

1. Copper losses in the distribution line and distribution transformer;

2. Power losses in local loads.

Notice that additional losses could exist upstream from the distribution transformer which are
not on the local EPS owner’s responsibility. However, this term can be neglected, not only
because of the low value of the resistive contribution from the MV level when compared with
the LV side, but also because of the low capability of high-order current harmonics to travel
deep into the EPS.

Fig. 6.4 shows a layout of the benchmark system considered in this work. A full description
of the components required for the physical implementation is provided in the Appendix E.
The local EPS, with embedded DRs, is connected to the Area EPS through a distribution
transformer, being the metering devices connected either in the MV or LV side according to
the ownership of this piece of equipment. Both the DRs and the local loads are connected to
the distribution line. Those local loads located close to the power converters are more prone
to suffer from distortion losses. In Fig. 6.4, a local load is connected directly to the DR
point of coupling (PC) to highlight this phenomenon. The effect of the distortion power in
local loads is different according to the type of device (motor, lighting, heating, etc.) and its
nature (linear/non-linear). In any case, distortion power can be, as a general rule, considered
undesirable [6.15].

Different types of penalization criteria could be considered in order to take into account
the harmful effects of higher levels of injected current distortion in particular loads, e.g. cost
associated to the loss of life. However, in this work only the cost associated with the power
transmitted at non-fundamental frequency is taken into account. A pure resistive load is
considered in this contribution as the easiest way to underline the benefits of the proposal.

A precise calculation of the power transmitted by the converter at harmonic frequencies
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can be done by assessing the expression (6.4).

Plosses = Re{
N∑
i=2

vPCi · i∗convi}, (6.4)

where iconvi and vPCi are the power invariant space vector harmonic components of the
converter current and voltage at its point of coupling, obtained by applying the Direct Fourier
Transform (DFT).

For the practical implementation of (6.4), natural sampling of voltages and currents at
SF is not enough due to Nyquist limit, but oversampling can help in complying with these
requirements. In any case, other simplified methods such as Goertzel algorithm [6.16] are
better suited for on-line applications [6.17, 6.18]. In this numerically efficient method, just
a selected set of harmonics are identified, which can be enough to calculate the resistive
component of system impedance, Req, at the most relevant bands of the spectrum. This
reduced set of values can be used, together with the expected injection of current harmonics
given in Fig. 6.1, to formulate a good estimation of the said power losses.

Fig. 6.5 shows the value of Req for the installation depicted in Fig. 6.4 considering the
parameters shown in Table E.4. The identification of just three impedance values, one at
the low-frequency range (5th or 7th) and two at the two lowest PWM frequency bands (e.g.
fsw − 2fm and 2fsw − fm, fm being the modulation frequency), can be enough to estimate
distortion losses by using expression (6.5).

Plosses ≈ 3I2
n ·
(
R5fm
eq · TDD2

lf +Rfsw−2fm
eq · TDD2

hf1

+R2fsw−fm
eq · TDD2

hf2

)
. (6.5)

Notice that with this aim, TDDhf has been segregated in two components: TDDhf1 , for
the harmonic band around the SF and TDDhf2 , for the rest of higher frequency values. The
specific contribution of each of these components can be observed in Fig. 6.1.

It is important to highlight that the effect of a variation in the power demand, P , of the
loads connected to the local EPS, on the harmonic power losses at the line and local loads,
Plosses, is not obvious. As a consequence, neither is the effect of this variation on the resulting

Figure 6.4: Local EPS with embedded DRs
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Figure 6.5: Estimation of the resistive component of system impedance at the PC as a function of frequency

optimum SF. The value of the resistive components of system impedance for the benchmark
system shown in Fig. 6.4 are the result of the parallel equivalent represented by the RL branch
of the line and transformer and the resistive branch represented by the local loads.

For the data shown in Table E.4, the value of these resistive components for the frequencies
of interest is depicted in Fig. 6.6 as a function of P . At low power demand levels, the
connection of new loads increases harmonic power losses. On the contrary, beyond a certain
power demand, 4.47 kW in the present case, the connection of new loads decreases the resistive
value of system impedance, and thus, harmonic power losses. For this reason, if the DR is
working at a fixed load level, c, with a low power demand of local loads, the connection of new
loads drives the optimum SF to higher values in search for a lower level of harmonic losses.
Conversely, up from the stated power demand value, the connection of new loads leads to a
reduction of the optimum SF value, as higher harmonic losses can be admitted in the search
for a global optimum.

Figure 6.6: Effect of the power demand of local loads in harmonic power losses. (a) resistive component
for the frequencies of interest (fsw=10kHz, fm=50Hz) and (b) harmonic power losses
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6.3 On-line Optimization of the Switching Fre-
quency

The fundamentals of the on-line optimization of the SF proposed in this study are schemat-
ically summarized in Fig. 6.7. The inputs for the algorithm are:

1. The space vector of the converter current, which is already available as calculated from
current samples for the operation of its inner controller;

2. The resistive component of system impedance for the different frequency bands consid-
ered in Section 6.2.3.

The application of a set of look-up tables together with a SF sweep allows the on-line cal-
culation of a curve, relating the losses at the local EPS, PLocal EPS , with the SF, fsw, for
the present operating point. With this aim, the converter losses, PV SC , are obtained from a
2D-look-up table built by adding the conduction and switching losses of the specific converter
according to 6.3.

A set of three 1D-look-up tables, built from the distortion data depicted in Fig. 6.1,
provides the TDD of the converter at the different frequency bands for each SF used in the
sweep. From these results, the losses at the line and local loads, Plosses, are obtained by using
(6.5). The addition of both converter losses and line and local load losses at each SF leads
to the desired curve. Then, the minimum of this curve is identified, which gives the optimum
losses at the local EPS and, even more important, the optimum SF for the current operating
point. Notice that the bandwidth of the SF command, f∗sw, must be much lower than the one
used in the inner controllers of the inverter not to interfere with its dynamic performance. As a
consequence, a low update rate of this command is acceptable and the required computational
burden can be assumed by the controller without a significant effort either in a synchronous
or asynchronous scheme. In order to avoid the effect of noise in the sampled parameters, as
well as steep frequency variations due to sudden changes in the inverter load level or in the
system impedance – due to the connection/disconnection of local loads, a first-order low-pass
(FLP) filter is used to smooth the frequency command.

Although not depicted in Fig. 6.7 for the sake of clarity, the frequency command, f∗sw,
should pass a final limitation stage in order to make the control compatible with the thermal
constraints shown in Fig. 6.3. As already stated in Section 6.2.2, if the pair (f∗sw, c) lies in
the forbidden area of this graph, the SF command is reduced to the maximum SF compatible
with the present converter load level, f∗∗sw.

6.4 Case Study

In this section, a case study is used to illustrate the advantages of using an overall efficiency
optimization of the DR within its local EPS. With this aim, the LV distribution feeder and
the distributed generator (DG) depicted in Fig. 6.4 are considered. The parameters of the
grid infrastructure are shown in Table E.4 while those from the inverter-based DG are given
in Table E.3 (except for the system impedance, that for this case study is derived from Table
E.4).
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Eq. (6.4)

Figure 6.7: On-line method for the optimization of the switching frequency

Fig. 6.8 shows the total losses in the local EPS, together with its different components,
i.e. converter losses and grid & local loads losses for a DR working at 20% of its rated power
with unity power factor. It is concluded from this drawing that increasing the SF from the
design parameter, 3 kHz, to 9 kHz, reduces the local EPS losses in a 44.6%, and improves the
overall efficiency at this load level (i.e. the ratio between the local EPS losses and the power
delivered by the converter) in 1.20%.

Fig. 6.9 expands the analysis to different load levels of the DR. As it is depicted in this
figure, connecting the values of the minimum local EPS losses at each converter load level,
c, leads to the optimum trajectory of the inverter SF. Furthermore, the thermal limit of
the device is also given in Fig. 6.9. This limit is established by calculating the maximum
acceptable SF at each load level, which is determined by the frequency that leads to the
design temperature (i.e. the one obtained at 3 kHz and rated power). From the said graph,
it can be concluded that for the device under test, a variable SF mode with optimization of
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losses is only feasible for loads lighter that 80% of rated power. Moreover, it is also observed
that the benefit of the proposal is much more relevant at light loads: e.g. the saved power is
higher at 20% than at 80% on both relative and absolute terms (72 W vs. 21 W and 1.20%
vs. 0.09%).

Fig. 6.10 shows simulation results of the application of the on-line optimization method
proposed in Section 6.3 to the present case study. An update rate of 10 ms was used for the SF
command and a bandwidth of 0.6 Hz was selected for the FLP filter. The SF sweep included
in the algorithm is conducted with a resolution of 100 Hz in order to limit the computational
burden. As it is shown in Fig. 6.10 (a), the converter load level is started at c = 20% and
increased to c = 80% after 2 s, always with unity power factor. Moreover, the local loads stay
at rated power according to Table E.4 and are reduced to 50% of this value, i.e. 25 kW, at
4 s. Fig. 6.10 (b) shows the effect of the steep variation on the resistive components of system
impedance induced by the local load reduction. After the load variation, slight modifications
can be still observed on these values, which are caused by the SF drift along the process, due
to the influence of reactive components on the resistive equivalent. The optimum SF value
obtained by the algorithm along with the final SF command, i.e. after the FLP, is depicted
in Fig. 6.10 (c). The converter is started with a conservative SF value of 5 kHz and, from
this instant, the algorithm competently tracks the optimum SF increasing the efficiency of
the installation. As predicted in Fig. 6.6, the reduction of the power demand of local loads
from 50 kW to 25 kW at 4 s leads to a rise of the optimum SF. In Fig. 6.10 (d) the optimum
and real power savings, compared to a traditional operation of the DR at constant SF, are
depicted. As expected, greater power savings are obtained with the converter working at light
loads as well as with an increased value of the resistive component of system impedance.

6.5 Experimental Results

Two sets of experimental tests were carried out in this work: the first one is aimed to
prove the power saving potential of the stated proposal, and the second, to demonstrate the
validity of the on-line SF optimization method described in Section 6.3.
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6.5.1 STATCOM Mode

The test setup used in this case is shown in Fig. E.3. A 4-quadrant grid simulator,
TC.ACS by Regatron, is used to emulate the electric system, 400 V – 50 Hz, and a 0.32 mH
inductor, L1, is used to emulate the LV line and transformer according to Fig. 6.4. An almost
purely resistive air-heating system with a rated power of 9 kW is used to emulate the local
loads according to the said figure. Finally, a custom-made three-phase two-level VSC, with a
rated power of 30 kVA and a design SF of 6 kHz, is coupled to the grid through a 0.88 mH
inductor, L2, to play the role of the DR.

During this test the converter is operated in STATCOM mode at a light load, 10 kVA
(i.e. c = 33%), delivering reactive power to the LV grid. Similar results are expected from
other operation modes, due to the small influence of the power factor in converter losses, as
it was stated in Section 6.2.1. The three-phase voltages and currents at the point of coupling
of the DR, PC in Fig. 6.4, were registered in steady-state for different SFs within the range
6 kHz to 16 kHz. An off-line handling of these measurements were carried out to calculate
their DFT, and subsequently, the losses at harmonic frequencies at the line and local loads
(i.e. those caused by the air-heating system and parasitic resistance of L1) were calculated by
the application of (6.4). For the particular case of the STATCOM operation mode, including
the term at the fundamental frequency in (6.4) leads directly to the converter losses, so finally,
the losses at the local EPS can be computed in a simple way as

PLocal EPS =Re{
∑N
i=2 vPCi·i

∗
convi}−Re{

∑N
i=1 vPCi·i

∗
convi}

=−Re{vPC1·i
∗
conv1}. (6.6)

Notice that this is just a particular result, valid only for STATCOM operation mode. As
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Table 6.1: Experimental results – c = 33%

SF Losses Pwr. savings
Converter Line&Loads Local EPS

6 kHz 781.2 W 253.8 W 1035.0 W 0.0 W
8 kHz 790.5 W 178.4 W 968.9 W 66.1 W

10 kHz 814.0 W 139.8 W 953.8 W 81.1 W
12 kHz 836.3 W 111.2 W 947.6 W 87.5 W
14 kHz 868.1 W 91.6 W 959.7 W 75.3 W
16 kHz 896.9 W 76.9 W 973.8 W 61.2 W

stated in Section 6.2.2, in a more general scheme, with the DR participating in the active
power flow (inverter/rectifier mode), a look-up table with and estimation of converter losses
as a function of the SF and the converter load level is to be used.

The results of the test are presented in Table 6.1 and Fig. 6.11. Thus, the spectra of the
power invariant space vectors of voltage and current, at the point of coupling of the DR, are
shown in the said figure for selected key SFs, such as 8 kHz, 12 kHz and 16 kHz. Both the
positive and negative sequence components are displayed in this image. The most significant
harmonics, located in bands around one and two times fsw, are shifted to higher frequencies as
the SF increases. Also, a clear reduction in the injection of harmonic currents can be observed
at higher SFs. In Table 6.1 the computed values for converter losses, line and load losses and
local EPS losses for each of the analyzed SFs are displayed, together with the resulting power
savings. Specifically, harmonic power losses at the line and loads are calculated by using (6.4),
while the application of (6.6) allows the computation of the local EPS losses. Both equations
take the voltage and current harmonics of Fig. 6.11 as an input. Finally, the difference
between the results from (6.6) and (6.4) gives the value of converter losses. As expected,
an optimum SF is obtained, capable of achieving the minimization of system losses. As it
is highlighted in the said table, the operation at 12 kHz reduces the overall system losses in
87.5 W when compared with the operation at the design value. This means a reduction of
around 8.4% of the losses at this operation point (c = 33%), and thus, an improvement of the
local EPS efficiency, which increases from 89.65% to 90.52%.

6.5.2 Inverter Mode

Slight changes are introduced in the test setup for this case. The 30 kVA converter is now
operated in inverter mode to effectively replicate the performance of a DR. With this aim the
DC-bus of the converter is fed from the Li-Ion battery shown in Fig. E.3 through a DC-DC
stage. Furthermore, the converter is now coupled to the utility grid, 400 V – 50 Hz, through a
dedicated distribution line and transformer according to the values shown in Table E.4. Three
separate air-heating systems, each with a rated power of 9 kW, are used to emulate the local
loads. The connection/disconnection of these systems allows to test the effect of a sudden
change in system impedance.

The custom-made converter is operated through a controller using a TI C2000 DelfinoTM

TMS320F28335 MCU. The algorithm described in Section 6.3 was included in the firmware
with the LUT system embedded in non-volatil RAM memory. Moreover, a variable SF inner
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Figure 6.11: Spectrum of signals measured at the PC for different SFs. a), b) and c): voltage space vector
for 8 kHz, 12 kHz and 16 kHz, respectively; and d), e) and f): current space vector for 8 kHz, 12 kHz and
16 kHz, respectively. Note: Fundamental components are truncated for the sake of clarity.

current controller for the converter was specifically designed for this test, including an adaptive
tuning of the associated regulators.

During the test the DC-DC converter is commanded with different power steps, as shown
in Fig. 6.12(d), while the VSC fixes a constant DC bus voltage value of 800 V and a constant
power factor of 0.6. The test is started at a light load, 7.5 kVA (i.e. c = 25%), thus delivering
4.5 kW to the grid, while two of the 9 kW air-heating devices stay connected to emulate the
local loads. After 2 s the converter load level increases to 12 kVA (i.e. c = 40%) and then to
27 kVA (i.e. c = 90%) at time 4 s, so that up to 16.2 kW are injected into the local grid. Fig.
6.12 shows the phase current of the VSC during these variations together with the performance
of the SF in reaction to those load step changes. Finally, at time 6 s one air-heating system is
added to the two devices already connected to the local grid, thus shifting the local demand
from 18 kW to 27 kW.

As predicted in Fig. 6.6, the consequent change in system impedance at the converter
point of coupling causes a reduction of harmonic power losses which leads to a fall in the
optimum value of the SF.

Fig. 6.12, shows the measurements of the power supplied by the Li-Ion battery along the
test, together with the power supplied by the VSC to the local grid. Thus, in Fig. 6.12(e) the
VSC losses are obtained. The value of line and local load losses are calculated from voltage and
current measurements for each step (considering steady state intervals) through Fast Fourier
Transform (FFT) analysis, being 92.5 W, 137.6 W, 192.0 W and 180.6 W, respectively. As
expected, during the first three steps, the decreasing switching frequencies lead to increasing
line and local load losses. In the fourth step, even if the switching frequency is further
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Figure 6.12: On-line SF optimization test: (a) converter ac current - phase a, (b) converter SF, (c) power
supplied by the Li-Ion battery - DC-DC converter output side, (d) power supplied to the grid, and (e)
converter losses

reduced, the decline of the Thevenin impedance of the system at the converter PC, due to the
connection of a new load, overcomes this effect.

A comparison of the losses at the first step of the test, i.e. the one conducted with a lighter
load, c = 25%, with those obtained for the same conditions in a fix switching frequency scheme
of 6 kHz, reveals that up to 132 W can be saved using the proposed operating mode. This
means increasing the efficiency in 1.7% at the present operating point and in 0.4% if referred
to the rated power of the converter.



6.6 Conclusion 155

6.6 Conclusion

In this chapter, an improved system efficiency of the local EPS is achieved by the op-
timization of the switching frequency of the converter to the current operation point. The
technical and regulatory constrains which may limit the selection of the SF have been also con-
sidered. An online optimization strategy for the SF adaptation based on the load conditions
and system impedance has been proposed, supported both with simulations and experiments.
Contributions may be summarized as follows:

– The contribution demonstrates the interest of considering the converter losses to-
gether with the induced harmonic losses in the local line and loads when the own-
ership/operation of both assets is held by the same entity.

– The proposed method can be applied to DRs relying only on local intelligence but also
to those in charge of system-level controllers.

– The thermal limits of the power modules used in the inverter are taken as a constraint
in order to assure a safe operation of the device beyond its design SF when working
at light loads. A LUT-based system, valid for an on-line implementation, was designed
to provide the DR with a smart regulation of its SF. The results demonstrate that an
improvement of the overall efficiency of the system at light converter loads by about 1%
is readily achieved with the proposed method.

– This improvement is especially important for applications in which the grid-tied con-
verter works often under rated power. This is the usual case of widespread technologies
such as PV systems and small wind turbines.
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Chapter 7

Conclusion and Future Work

7.1 Conclusiones

El presente trabajo se centra en la operación de convertidores de potencia conectados a
red en microrredes de corriente alterna. Se ha prestado especial atención al problema de la
variabilidad de la impedancia equivalente de la red aguas arriba del punto de conexión en
baja tensión de estos convertidores, relacionándolo con el impacto que ocasiona en el com-
portamiento dinámico del sistema de control de estos dispositivos. Las soluciones propuestas,
basadas en técnicas de estimación de impedancia, permiten implementar sistemas de control
que reaccionan a cambios en la red y logran la compensación en tiempo real de condiciones
de desequilibrio. Para llevar a cabo esta tarea, sólo precisan de la información de variables
eléctricas medidas en el punto de conexión, haciendo uso de la flexibilidad de los convertidores
para generar señales de excitación superpuestas a la componente fundamental. Además, la
estimación de parámetros de red brinda oportunidades relacionadas con la mejora de la efi-
ciencia del sistema, por lo que también se han propuesto soluciones de optimización basadas
en la operación de convertidores de potencia a frecuencia variable.

La disertación se basa en el trabajo de investigación publicado en [JC1-JC3], [JP1-JP2].
Comprende una revisión del estado del arte, una descripción de las contribuciones de los
autores a lo largo de los Caṕıtulos 3-6 y cuatro apéndices con información adicional sobre
los antecedentes teóricos y la configuración experimental utilizada para la validación de estas
contribuciones.

Los principales esfuerzos de investigación se han dirigido hacia la definición y el análisis
de una técnica de modelado de la impedancia/admitancia de la red. Esta técnica permite de-
terminar la evolución temporal de tensión/corriente en cualquier bus considerando terminales
de distribución en 4 hilos para baja tensión que funcionan en condiciones desequilibradas. En
el Caṕıtulo 3, el método ha sido completamente descrito y validado utilizando la teoŕıa de
la potencia instantánea. La técnica de modelado propuesta permite establecer una conexión
entre los términos de impedancia y los componentes de potencia, lo que permite su aplicación
cuando el convertidor de potencia está integrado en la red. El modelo se ha utilizado con
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éxito en el problema de identificación de impedancia, que puede llevarse a cabo a partir de
mediciones locales de tensión y corriente tomadas en el PCC del convertidor.

La aplicación del modelo antes mencionado para la estimación de la impedancia de la red no
es una tarea sencilla si se deben considerar las cargas conectadas en paralelo en el PCC. Como
se destaca en el Caṕıtulo 4, la presencia del voltaje principal de la red dificulta la estimación
de la impedancia del sistema equivalente para la frecuencia de red si hay un número limitado
de sensores disponibles. Por lo tanto, se ha propuesto una técnica de estimación, basada en
la inyección de señales de alta frecuencia. Estas señales de excitación se superponen a la
referencia principal del convertidor. La estimación de la impedancia a alta frecuencia a partir
de la información proporcionada por el valor de la tensión local y las mediciones de corriente
es una tarea directa cuando se utiliza la técnica de modelado propuesta.

Sin embargo, la inclusión de una señal adicional a una frecuencia diferente de la principal
da como resultado dos problemas principales que deben abordarse: 1) la señal de excitación del
convertidor causa una mayor distorsión, y 2) la información recopilada en la frecuencia tiene
que estar relacionada con la estimación de la impedancia de la red a la frecuencia fundamental.
Para abordar el primer problema, se ha proporcionado una lista de consideraciones, útiles
para determinar la frecuencia y magnitud óptimas de la señal de excitación para minimizar el
impacto en la calidad de la enerǵıa. Las frecuencias seleccionadas están por encima del ancho
de banda del controlador actual y también evitan que las bandas de frecuencia afecten a otros
sistemas de compensación. Además, se ha propuesto la instalación de un banco de filtrado en
la retroalimentación actual para hacer que el controlador sea insensible a la señal de excitación.
En cuanto a la magnitud de la señal, se ha seleccionado lo suficientemente grande como para
extraer información de la red, manteniendo lo más bajo posible el nivel de THD del sistema.
El segundo problema está relacionado con el hecho de que los términos reales y complejos de
la impedancia dependen de la frecuencia de excitación. Como consecuencia, una derivación
directa del componente fundamental de los valores de alta frecuencia no es factible. Para
superar este problema, se ha propuesto la inyección de una segunda señal de alta frecuencia.
Esta segunda señal proporciona un conjunto adicional de ecuaciones al problema, lo que
permite aislar los términos de impedancia independientemente de la frecuencia de inyección.
De esta manera, la identificación de la impedancia en la frecuencia fundamental se puede
lograr con éxito.

Una vez que se identifican los términos de impedancia/admitancia, se pueden determinar
los componentes de corriente/tensión de secuencia positiva, negativa y cero en el PCC. Se
ha propuesto un método de compensación basado en la secuencia negativa estimada y las
corrientes de secuencia cero. Esta técnica permite la compensación al confiar solo en los
sensores de corriente del lado del convertidor y las mediciones de tensión en el PCC. Por lo
tanto, se evita la instalación de sensores de corriente adicionales del lado de la red o del lado
de la carga. Además, también se ha incluido un estudio del ancho de banda del compensador,
basado en el efecto de la cadena de filtrado necesaria para el aislamiento de los diferentes
componentes de la secuencia. Para este propósito, se analizó la función de transferencia de
valor complejo resultante y se aisló su contribución al desfase de la señal.

El Caṕıtulo 5 aborda la extensión de la técnica de modelado de impedancia presentada en
el Caṕıtuo 3, a aquellos sistemas con varios convertidores funcionando en paralelo. Esto se ha
logrado considerando el convertidor conectado a la red como una impedancia variable, que se
adapta dinámicamente según sus referencias de potencia. Por lo tanto, se ha determinado un
modelo equivalente del convertidor, definido de acuerdo con las expresiones desarrolladas en el
Caṕıtulo 3. Las nuevas expresiones han sido validadas en los cuatro cuadrantes, considerando
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un convertidor de potencia que ordena diferentes niveles de corrientes activas/reactivas posi-
tivas/negativas.

También se ha abordado la utilidad del modelo extendido propuesto para la estimación
de impedancia. Para eso, se ha empleado un algoritmo RLS que funciona conjuntamente con
un método de inyección de señal de pulso. Se ha demostrado que este método de excitación
mantiene un bajo nivel de distorsión y ofrece algunas ventajas en sistemas con presencia de
múltiples convertidores, debido a su capacidad para mitigar la interferencia de los reguladores
de corriente. El método RLS ha sido probado en condiciones experimentales y simuladas,
demostrando ser una solución fiable para determinar la impedancia equivalente de un sistema
desde el PCC. Los resultados extráıdos de la comparación entre la técnica de modelado y el
método de estimación resaltan la validez del modelo para definir la impedancia equivalente
de un convertidor vinculado a la red en los cuatro cuadrantes. Estos resultados abren la
puerta a futuras estrategias de cooperación entre convertidores, basadas en métodos de control
por droop, que permiten adaptar las condiciones de operación en función de la impedancia
estimada de la red.

Se ha propuesto otro uso de la identificación de impedancia de red en el Caṕıtulo 6. En
este caṕıtulo, se realizó un estudio de la eficiencia global de un EPS local, considerando en
conjunto las pérdidas de potencia del convertidor y del sistema. Al considerar los requisitos de
regulación con respecto al THD, que se dan a la potencia nominal del convertidor, se demuestra
que se puede derivar una eficiencia global mejorada a partir de una reducción de la frecuencia
de conmutación del convertidor a bajos niveles de carga. De hecho, en estas condiciones de
operación, la reducción de las pérdidas de conmutación del convertidor puede compensar los
efectos de un aumento del THD actual en el sistema local, sin violar los requisitos de conexión
a la red. La implementación de la operación de frecuencia de conmutación variable requiere
el conocimiento de la impedancia equivalente en el PCC del convertidor, que puede obtenerse
mediante las técnicas de estimación de impedancia propuestas. Se ha realizado un análisis
para determinar las restricciones f́ısicas que limitan la aplicación del método, considerando
la compensación entre la distorsión adicional inducida por el convertidor en el EPS local al
reducir la frecuencia de conmutación y la reducción de las pérdidas del convertidor. Se ha
propuesto una tabla de búsqueda basada en los ĺımites térmicos de los semiconductores y las
pérdidas del convertidor para determinar el punto de funcionamiento óptimo del convertidor.
Los resultados de la técnica de optimización han sido validados tanto en simulación como en
análisis experimental.

Finalmente, como resumen, las siguientes contribuciones y logros pueden destacarse como
las principales conclusiones de esta disertación:

• Una expresión elegante y compacta que relaciona las secuencias de tensión y corriente
con la impedancia de la red, válida para redes de 4 hilos que funcionan en condiciones
desequilibradas [JC2], [JP2].

• Una técnica de estimación de impedancia de red sin sensores, válida para 4 hilos, en los
cuatro cuadrantes y operación en condiciones desequilibradas [JC2], [JP2].

• Una solución de compensación de desequilibrio basada en una técnica de estimación de
impedancia de red [JC2], [JP2].

• Una técnica confiable para determinar la impedancia de red equivalente considerando
la operación de los convertidores conectados a la red, y capaz de operar en los cuatro
cuadrantes, aśı como en condiciones desequilibradas [JC3].
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• Un modo de operación de convertidores de potencia a bajos niveles de carga que utiliza
una frecuencia de conmutación variable para la optimización de la eficiencia global
basada en la impedancia equivalente del sistema [JC1], [JP1].

7.2 Conclusion

This doctoral dissertation focuses on the operation of grid-tied power converters in the
context of AC microgrids. Special attention has been paid to the problem of the equivalent
impedance variability of the network upstream from the low voltage connection point of these
converters, relating this issue to the impact on the dynamic behaviour of the control system
of these devices. The proposed solutions, based on impedance estimation techniques, allow
the implementation of control systems that react to changes in the grid, achieving real-time
compensation of unbalanced conditions. To carry out this task, only the information of
electrical variables measured at the connection point is needed, using the power converters to
generate excitation signals superimposed to the fundamental component. Additionally, the
estimation of network parameters triggers opportunities related to the improvement of system
efficiency, so optimization solutions based on the operation of power converters at variable
frequency have also been proposed.

The dissertation is based on the research work published in [JC1-JC3], [JP1-JP2]. It
comprises a review of the state of the art, a description of the authors contributions along
Chapters 3-6 and four appendices with additional information regarding the theoretical back-
ground and the experimental setup used for the validation of these contributions.

The main research efforts have been directed towards the definition and analysis of a
modelling technique of the grid impedance/admittance. This technique allows to determine
the temporal evolution of voltage/current at any bus considering terminal 4-wires distribu-
tion low voltage grids working under unbalanced conditions. In Chapter 3, the method has
been fully described and validated using the instantaneous power theory. The proposed mod-
elling technique allows to establish a connection between the impedance terms and the power
components, which enables its application when power converter are embedded into the grid.
The model has been successfully used in the impedance identification problem, which can be
carried out from local voltage and current measurements taken at the converter PCC.

The application of the aforementioned model for grid-impedance estimation is not a
straightforward task if loads connected in parallel at the PCC are to be considered. As it
is highlighted in Chapter 4, the presence of the main voltage from the AC grid hinders the
estimation of the equivalent system impedance at grid frequency if a limited number of sensors
are available. Thus, an estimation technique, based in the injection of high-frequency signals,
has been proposed. These excitation signals are superimposed to the main reference of the
converter. The estimation of the impedance at high-frequency from the information provided
by local voltage and current measurements is a direct task when using the proposed modelling
technique.

Nevertheless, the inclusion of an additional signal at a different frequency from the main
one, results in two main issues that have to be addressed: 1) an increased distortion is caused
by the converter excitation signal, and 2) the information gathered at high-frequency has
to be related to the estimation of the grid impedance at the fundamental frequency. To
tackle the first problem, a list of considerations, useful to determine the optimum frequency
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and magnitude of the excitation signal to minimize the impact on power quality, has been
provided. The selected frequencies are above the current controller bandwidth and also avoid
frequency bands affecting by other compensating systems. Additionally, it has been proposed
the installation of a filtering bank in the current feedback to make the controller insensitive to
the excitation signal. Regarding the magnitude of the signal, it has been selected large enough
to extract the grid information but maintaining a low level of THD. The second problem is
related with the fact that the real and complex terms of the impedance are dependent on the
excitation frequency. As a consequence, a direct derivation of the fundamental component
from the high-frequency values is not feasible. To overcome this issue, the injection of a
second high-frequency signal has been proposed. This second signal provides an additional
set of equations to the problem, which allows to isolate the impedance terms independently
of the injection frequency. In this way, the identification of the impedance at the fundamental
frequency can be successfully achieved.

Once the impedance/admittance terms are identified, the positive, negative and zero se-
quence current/voltage components at the PCC can be determined. A compensation method
based on the estimated negative sequence and zero sequence currents has been proposed. This
technique allows the compensation by relying only on the converter-side current sensors and
voltage measurements at the PCC. Thus, the installation of additional grid-side or load-side
current sensors is avoided. Additionally, a study of the compensator bandwidth, based on the
effect of the filtering chain needed for the isolation of the different sequence components, has
been also included. For this purpose, the resulting complex-value transfer function has been
analysed and its contribution to the phase lag isolated.

Chapter 5 addresses the extension of the impedance modelling technique presented in
Chapter 3, to those systems with several converters operating in parallel. This has been
accomplished by considering the grid-tied converter as a variable impedance, which is dynam-
ically adapted depending on its power references. Thus, an equivalent model of the converter,
defined according to the expressions developed in Chapter 3 has been determined. The new
expressions have been validated in the four quadrants, considering a power converter com-
manding different levels of positive/negative active and reactive currents.

The usefulness of the proposed extended model for impedance estimation has also been
addressed. For that, a RLS algorithm working together with a pulse signal injection method
has been employed. This excitation method has been proved to maintain a low level of
distortion and offers some advantages in systems with multiple converters, due to its capability
to mitigate the interference of current regulators. The RLS method has been tested under
experimental and simulated conditions, proving to be a reliable solution to determine the
equivalent impedance of a system from the PCC. The results drawn from the comparison
between the modelling technique and the estimation method highlight the validity of the
model to define the equivalent impedance of a grid-tied converter in the four quadrants.
These results open the door for future cooperative strategies between converters, based on
droop control methods, which allow to adapt the operating conditions based on the estimated
grid impedance.

Another use of the grid-impedance identification has been proposed in Chapter 6. In
this chapter, a study of the global efficiency of a local EPS, considering together converter
and system power losses, has been conducted. By considering the regulation requirements
regarding the THD, which are given at the converter rated power, it is demonstrated that
an improved global efficiency can be derived from a reduction of the switching frequency
of the converter at low load levels. Indeed, in this operating conditions, the reduction of
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converter switching losses can compensate the effects of an increase of the current THD in the
local system, without violating the grid-connection requirements. The implementation of the
variable switching frequency operation requires the knowledge of the equivalent impedance
at the PCC of the converter, which can be obtained by the proposed impedance estimation
techniques. An analysis to determine the physical constrains that limit the application of the
method, considering the trade-off between the additional distortion induced by the converter in
the local EPS when lowering the SF and the reduction in converter losses has been conducted.
A lookup table based on the thermal limits of the semiconductors and the converter losses has
been proposed to determine the optimal operating point of the converter. Results from the
optimization technique have been validated both in simulation and experimental analysis.

Finally, as a summary, the following contributions and achievements can be highlighted
as the main conclusions of this dissertation:

• An elegant and compact expression that links the voltage and current sequences with
the grid impedance, valid for 4-wire networks working under unbalanced conditions
[JC2], [JP2].

• An online sensorless grid impedance estimation technique, valid for 4-wire, four quad-
rants and operation under unbalanced conditions [JC2], [JP2].

• An unbalance compensation solution based on a grid impedance estimation technique
[JC2],[JP2].

• A reliable technique to determine the equivalent grid impedance considering the opera-
tion of grid-tied converters, and able to operate in the four quadrants as well as under
unbalanced conditions [JC3].

• An operation mode of power converters at low load levels which uses variable switching
frequency for the optimization of the global efficiency based on the equivalent impedance
of the system [JC1], [JP1].

7.3 Future Work

Based on the research experience gathered along this work, the following researching lines
are proposed:

I. Current controllers are often tuned considering the filter impedance to dominate the
overall equivalent grid impedance. This assumption is valid for those cases in which the
power converter is interconnected with a strong grid. However, this might not be the
case in weak grids, resulting in stability problems within the controller. In the litera-
ture, the use of the virtual-impedance concept is proposed for mitigating this problem.
A feasible alternative can be implemented by using the proposed grid impedance esti-
mation technique for developing either adaptive or robust control approaches based on
the real-time estimation of the grid impedance. Also a comparative evaluation on the
performance of alternative control structures based on PR regulators can be addressed.
These regulators require less computational efforts since signal transformation from AC
to DC is not required.
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II. The proposed impedance modelling technique has been implemented in this document
for AC systems. However, an in-depth study of the possibility of adapting this method-
ology to hybrid DC/AC microgrids has still not been conducted. Thus, the exten-
sion of the technique to this kind of hybrid grids is proposed, which should comprise
the development of a compact modelling for the representation of equivalent DC/AC
impedances/admittances able to predict power flows in the two electrical domains.

III. The estimation of the equivalent impedance of a power converter from another converter
operated in the same microgrid has been reported by restricting the analysis to the
fundamental frequency. The study of more complex grid conditions, considering multiple
and different nature of non-linear loads and converters operated at the same time has not
been studied in depth. Similarly, it is possible to use the proposed identification technique
as the root for building a complex-valued droop control, in which the relationship between
the active and reactive power and the grid voltage and frequency (or power angle) is
adapted depending on the estimated grid impedance in real-time. This opens the door
to a solution for the traditional problem presented in the literature regarding to the
selection of the droop approach, i.e. P/f, Q/V for inductive lines and P/V, Q/f for
resistive ones, to a more general one that relates the apparent complex power with the
voltage and the power angle.

IV. Voltage synchronization in weak grids is a source of instabilities from the point of view
of the converter operation. The increased distortion, characteristic of these kind of grids,
makes synchronization a much difficult task. The knowledge of the grid impedance can
be employed to build a model of the grid at the PCC. This model can be embedded into
an observer that allows for the decoupling of the grid impedance to determine a cleaner
voltage used for phase tracking.

V. The global efficiency improvement was proposed in a scenario which considers only resis-
tive loads connected to the local EPS. Further studies considering inductive/capacitive
loads embedded in the local system can be conducted. Moreover, the modelling tech-
nique for the estimation of the losses in the system, as described in the optimization
method proposed in Chapter 6, can be further studied.





Appendix A

Harmonic Emission Normative

A.1 Introduction

In this Appendix, the tables which gather information about current harmonic emission
limits for equipment connected to the public system are introduced. Since this issue is only
marginally under the scope of this work, only a brief introduction and a mere citation of the
norms are provided in here.

A.2 IEC-61000-2-5 [A.1]

This part of the norm from the International Electrotechnical Commission (IEC) deals
with electromagnetic phenomena and provides a definition of the different types of events
included into this concept. It serves as a guidance for those in charge of dealing with immunity
requirements. A list of the main phenomena causing electromagnetic disturbances are gathered
in Table A.1.

A.3 IEC-61000-3-2 [A.2]

This part of the international norm IEC-61000 sets limits for the maximum harmonic
currents that can be injected into the public power system. It applies to all equipment with
a rated current below 16 A per phase. As can be seen in Fig. A.1, the norm establishes four
classes of devices according to the type of load, rated power and unbalance characteristics.
The harmonic emission limits for each of these classes are shown in Table A.2, Table A.3 and
Table A.4. The harmonic emission limits for Class B equipment are obtained by multiplying
by 1.5 the limits for Class A.
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Table A.1: Principal phenomena causing electromagnetic disturbances as classified by [A.1]

Low Frequency Phenomena

Conducted Radiated
Harmonics, interharmonics Magnetic fields

Signal systems (power line carrier) Electric fields
Voltage fluctuations

Voltage dips and interruptions
Voltage imbalance

Power-frequency variations
Induced low-frequency voltages

DC in AC networks

High Frequency Phenomena

Conducted Radiated
Induced continuous wave (CW) voltages or currents Magnetic fields

Unidirectional transients Electric fields
Oscillatory transients Electromagnetic fields

Continuous waves
Transients

Electrostatic discharge phenomena (ESD)

Nuclear electromagnetic pulse (NEMP)

Yes

No

Yes

Yes Yes

No

No

No

No

Yes

Figure A.1: Classification of the equipment Class according [A.2]
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Table A.2: Current Limits for Class A Equipment

Odd Harmonics Even Harmonics

Harmonic Max. Current Harmonic Max. Current
n (A) n (A)
3 2.30 2 1.08
5 1.14 4 0.43
7 0.77 6 0.30

9 0.40 8 ≤ n ≤ 40 0.23
8

n
11 0.33
13 0.21

15 ≤ n ≤ 39 0.15 15
n

Table A.3: Current Limits for Class C Equipment

Harmonic Max. Current∗

n (%)

2 2
3 30 · cos (φ)

∗∗

5 10
7 7
9 5

11 ≤ n ≤ 39 3
(Only odd harmonics)
∗ In % respect to the fundamental one
∗∗ cos (φ) of the circuit

A.4 IEC-61000-3-12 [A.3]

This part of the international norm IEC 61000 sets limits for the maximum harmonic
currents that can be injected into the public power system. It applies to all equipment with a
rated current over 16 A and below or equal to 75 A per phase, with a rated voltage of 240 V
in case of single phase equipment and until 690 V in case of three-phase devices.

The norm provides a set of definitions in order to accomplish with the requirements. They
are described below:

• The Total Harmonic Current (THC) is defined as (A.1), where Ih is the current
harmonic component in RMS:

THC =

√√√√ 40∑
h=2

I2
h (A.1)

• The Partial Weighted Harmonic Current (PWHC) is a weighted assessment of
a selected group of high order current harmonics within the range 14 to 40. The partial
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Table A.4: Current Limits for Class D Equipment

Harmonic Max. Current per watt Max. Current
n (mA/W) A

3 3.4 2.30
5 1.90 1.14
7 1.00 0.77
9 0.50 0.40
11 0.35 0.33

13 ≤ n ≤ 39
3.85

n
0.15

15

n
(Only odd harmonics)

weighted harmonic current is employed in order to ensure that the effects of the higher
order harmonic currents on the results are reduced sufficiently and individual limits
need not be specified. It is defined according to (A.2).

PWHC =

√√√√ 40∑
h=14

h · I2
h (A.2)

• The rated power of the equipment connected at the PCC (Sequ) is calculated
based on the current provided by the manufacturer, (Iequ), and the nominal voltage at
the PCC, it might be the phase-to-neutral voltage (Up) or the line voltage (Ui).

1. Sequ = UpIequ; for single-phase system.

2. Sequ = UiIequ; for a phase-phase system.

3. Sequ =
√

3UiIequ; for a three-phase system.

4. Sequ =
√

3UiI
max
equ ; for a non-balanced system, where Imaxequ is the maximum current

that flows through the phases.

• The short-circuit ratio (Rsce) is the ratio between the short-circuit power at the
PCC (Ssc) and the rated power of the equipment (Sequ). It can be calculated as in
(A.3).

Rsce =



Ssc
3Seq

, Single-Phase

Ssc
2Seq

, Phase-Phase

Ssc
Seq

, Three-Phase

(A.3)

Tables A.5 and A.6 gather the information corresponding to the harmonic current limits.

A.5 IEEE-519-2014 [A.4]

This guidance, published by the Institute of Electrical and Electronics Engineers (IEEE),
provides limits for harmonic voltage distortion and harmonic current injection. They are
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Table A.5: Current Limits for Three-phases non-balanced Equipment

Maximum Harmonic Current ∗ Harmonic Parameters ∗∗

Minimum % %

Rsce I3 I5 I7 I9 I11 I13
THC

Iref

PWHC

Iref
33 21.6 19.7 7.2 3.8 3.1 2 23 23
66 24 13 8 5 4 3 26 26
120 27 15 10 6 5 4 30 30
250 35 20 13 8 8 6 40 40
≥ 350 41 24 15 12 10 8 47 47

∗ In % respect to the fundamental one
∗∗ Iref is the reference current

Table A.6: Current Limits for Three-phases Balanced Equipment

Maximum Harmonic Current ∗ Harmonic Parameters ∗∗

Minimum % %

Rsce I5 I7 I11 I13
THC

Iref

PWHC

Iref
33 10.7 7.2 3.1 2 13 22
66 14 9 5 3 16 25
120 19 12 7 4 22 28
250 31 20 12 7 37 38
≥ 350 40 25 15 10 48 46

∗ In % respect to the fundamental one
∗∗ Iref is the reference current

shown in Table A.7 and Table A.8, where the following definitions are included:

• Total Harmonic Distortion (THD): The ratio of the RMS of the harmonic con-
tent, considering harmonic components up to the 50th order and specifically excluding
interharmonics, expressed as a percent of the fundamental.

• Total Demand Distortion (TDD): The ratio of the RMS of the harmonic content,
considering harmonic components up to the 50th order and specifically excluding inter-
harmonics, expressed as a percent of the maximum demand current.
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Table A.7: Voltage Distortion Limits according to IEEE-519-2014

Bus Voltage Individual Harmonic THD
at PCC % %

V ≤ 1 kV 5.0 8.0
1 kV < V ≤ 69 kV 3.0 5.0

69 kV < V ≤ 161 kV 1.5 2.5
V < 161 kV 1.0 1.5

Table A.8: Current Distortion Limits fof systems rated 120 V through 69 kV according to IEEE-519-2014

Max. Current Distortion in percent of IL
Individual Harmonic Order (Odd Harmonics)

ISC/IL 3≤h<11 11≤h<17 17≤h<23 23≤h<35 35≤h<50 TDD

<20 4.0 2.0 1.5 0.6 0.3 5.0
20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0

100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
100 > 1000 15.0 7.0 6.0 2.5 1.4 20.0
Even harmonics are limited to 25% of the odd harmonics limits above

Where

Isc = Maximum short-circuit current at PCC

IL = Maximum demand load current at the PCC

TDD = Total Demand Distortion
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Appendix B

Review of the Fourier Series

The notion of periodic functions was initially developed by the mathematician Jean Bap-
tiste Joseph Fourier (1768-1830), to decompose a periodic signal into an infinite set of sinu-
soidal waveforms. Fourier developed the technique in a thermal application; however, the
technique can be extended to many different fields. In particular, under the electromagnetic
field, it can be used to analyse the response of an electric circuit under the excitation of a
periodic non-sinusoidal signal. This procedure allows to determine the response of the grid at
every frequency of every sinusoidal waveform that composed the original waveform. Lately,
superposition theorem allows to obtain the full response of the circuit to arbitrary periodic
input signals [B.1]. The importance of the Appendix relies on the relation of voltages and cur-
rents in the frequency and time domain required to establish the impedance and admittance
ratio required for the modelling tool from Chapter 3.

B.1 Periodic Signals

A signal is considered periodic when it is repeated every T seconds. It can be expressed
algebraically as (B.1). Where n is an integer and T is the period of the function.

f(t) = f(t+ nT ) (B.1)

The frequency f0 of the function f is the number or cycles per second and it is measured in
Hertz. Fig. B.1 shows some examples of periodic signals, where the period is highlighted.
The angular frequency of the signals is defined as

ω0 = 2πfo =
2π

T
[rad/s] (B.2)
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Figure B.1: Fourier series expansion for some common functions.
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B.2 Trigonometric Functions

Fourier demonstrated that a periodic signal f is suitable to be decomposed into an infinite
series of periodic sinusoidal functions. The mathematical representation is shown in (B.3).

f =
a0

2
+ a1 cos(ω0t) + a2 cos(2ω0t) + . . .+ an cos(nω0t) + . . .

b1 sin(ω0t) + . . .+ b2 sin(2ω0t) + . . .+ bn sin(wωnt) + . . . (B.3)

It can synthesized in a more compact way as (B.4).

f =
a0

2︸︷︷︸
dc-term

+

∞∑
n=1

(an cos(nω0t) + bn sin(nω0t))︸ ︷︷ ︸
ac-term

(B.4)

In Fig. B.1 there are some graphical representations of common Fourier functions. According
to expressions (B.3) and (B.4), term a0 is a constant and the sinus and cosinus of the multiple
integers of ω0 are named as harmonics, being the term n the order of the harmonic. The
signal f to be represented as a Fourier series must comply the following:

1. f has to be continuous in the time period T .

2. f has a finite number of finite discontinuities in any one period.

3. f has a finite number of maxima and minima in any one period.

4. The integral
∫ t0+T

t0
|f(t)|dt <∞ for any t0.

Consequently, the resolution of the Fourier series lies on the identification of the coefficients
an and bn, which comes from the integration of every term in the following expression:∫ T

0

f dt =

∫ T

0

a0

2
dt+

∫ t

0

[∑
an cos(nω0t)

]
dt+

∫ t

0

[∑
bn sin(nω0t)

]
dt (B.5)

Terms an and bn might be expressed according to (B.6).

an =
2

T

∫ t0+T

t0

f cos(nω0t)dt (B.6a)

bn =
2

T

∫ t0+T

t0

f sin(nω0t)dt (B.6b)

Considering the symmetry concept within the representation of the functions, it can be es-
tablished the following:

f(t) = f(−t): Even symmetry function.
f(−t) = −f(t): Odd symmetry function.

According to this, (B.4) may expressed as (B.7).

f = a0 +

∞∑
n=1

an cos(nω0t)︸ ︷︷ ︸
even

+

∞∑
n=1

bn sin(nω0t)︸ ︷︷ ︸
odd

= fe + f0 (B.7)
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B.3 Circuit Applications

In practice, many circuits are driven by non-sinusoidal periodic functions. To obtain
the steady-state response of a circuit to a non-sinusoidal periodic excitation requires the
application of a Fourier series, AC phasor analysis, and the superposition principle. The
procedure usually involves the following steps:

1. Express the excitation as a Fourier series.

2. Transform the circuit from time domain into frequency domain.

3. Find response of the dc and ac components in the Fourier series.

4. To combine every single response using superposition theorem.

Considering the excitation voltage signal as (B.8).

v = Vm cos(ω0t+ φ) (B.8)

According to what exposed above, (B.8) may be expressed as a series Fourier as (B.9).

v = Vm0 +

∞∑
n=1

Vmn cos(nω0t+ φn) (B.9)

Additionally, to facilitate evaluating the complex voltage vector associated with the excitation,
instantaneous voltage (B.8) may be expressed as the sum of two complex exponentials (B.10).

cos(nω0t) =
1

2

[
ejnω0t + e−jnω0t

]
(B.10a)

sin(nω0t) =
1

2j

[
ejnω0t − e−jnω0t

]
(B.10b)

Consequently, voltage in (B.8) can be expressed as the sum of two complex conjugated terms,
where the dc term is zero and the rest of the ac terms are evaluated at n = 1, as (B.11), [B.2].

v =
1

2

[
Vme

j(ω0t+φ) + Vme
−j(ω0t+φ)

]
(B.11)

If the exponential term involving Vm is then combined with the voltage amplitude to form the
conventional peak value phasor voltage, equation (B.11) may be expressed as (B.12).

v =

√
2

2

[
~V ej(ω0t) + ~V ∗e−j(ω0t)

]
(B.12)

where

~V =
Vm√

2
· ejφ = V ∠φ (B.13)

Application of (B.12) into a polyphasial circuit allows to obtain the magnitude of the positive,
negative and zero sequence of the voltages and currents under unbalanced conditions as it will
explain in more detail in Appendix C.
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Additionally to the previous reasoning, excitation voltage (B.8) can be expressed in to the
frequency domain based on the Euler’s Identity as (B.14):

v = <
(
Vm√

2
· ej(ω0t+φ)

)
= <(~V · ejω0t) (B.14)

~V is thus, the phasor representation of the sinusoid v, which consists on a complex rep-
resentation of the magnitude and the phase of a sinusoid. A graphical representation of the
phasor concept is shown in Fig. B.2.

Re

tIm

At t=t0

Am
ϕ

0 t
t0

Am

a = Re(Ae jω0t)

(a) (b)

Figure B.2: Graphical Representation of ~Aejωt. (a): Phasor representation (b) Projection on the real axis.

The reasoning behind the equations (B.8) through (B.13), is that to represent a sinusoidal
signal, first it is expressed in the cosine form, so the signal may be expressed as the real part
of a complex number. Then, removing the time factor ejωt, what is left corresponds to the
phasor of the sinusoid. By making this suppression, the sinusoid is transform from the time
to the frequency domain. It can be summarized as (B.15).

v = Vm cos(ω0t+ φ) ⇔ ~V = V ∠φ
(Time-Domain) (Frequency-Domain)

(B.15)

Note that in the phasor domain representation, frequency is not explicitly shown, because
ω is constant; however its calculation depends on it. For this reason is known as frequency
domain. Consequently, (B.8) may be expressed:

dv

dt
= −ω0Vm sin(ω0t+ φ) = −ω0Vm cos(ω0t+ φ+ 90◦)

= <(ω0Vme
jω0tejφej90◦) = <(jω0

~V ejω0t)
(B.16)

It can be concluded similarly:

dv

dt
⇔ jω~V∫

vdt ⇔
~V

jω
(Time-Domain) (Frequency-Domain)

(B.17)
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These relationships are valid for steady state analysis and at ω constant.

Once the system is at the frequency domain, the response of each term in the series can
be obtained. The DC components are calculated by setting n = 0 and ω = 0. The ac
components are calculated based on the impedance Z(nω0) or admittance Y (nω0) of the grid
at such frequency.

Finally, by applying superposition, the resulting current can be obtained by adding all
individual responses, as in (B.18).

i = i0 + i1 + i2 + . . .+

= I0 +

∞∑
n=1

~|In| cos (nω0t+ Ψn) (B.18)
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Appendix C

Space Vector Transformations
of Three-Phase Systems

C.1 Introduction

A generic three-phase system is a polyphase circuit, consisting of three voltages and three
currents interacting with each others to deliver power. The phase voltages and line currents
are considered balanced if they are sinusoidal, equal in magnitude and displaced between each
other by equal phase angle, in practical 120◦. Similarly, a polyphase system is balanced if
both voltage and currents are balanced and sinusoidal at same circuit. If one of the conditions
is not achieved, then the system is considered unbalanced. This is the result either the set
of phase voltage or the set of lines currents are not symmetrical. The reason might by the
appearance of a fault in the line or because the impedance of the line is not equal in the three
phases.

The expressions required to define an unbalance according to the symmetrical components
are developed along this appendix. This study is the basis of the proposed modelling tool from
Chapter 3 and the estimation and compensation proposals from Chapter 4 and 5. Additionally,
the expressions required for variable transformation into the stationary and the synchronous
reference frame are analysed in here, considering in all the cases the zero sequence component
present in the neutral wire connection under an unbalanced condition.

C.2 Symmetrical Components

According to the theorem proposed from Fortescue [C.1], any unsymmetrical polyphase
circuit of n elements might be decomposed in the sum of n symmetrical components by the
application of the superposition theorem. The following transformations are applied for both
voltages and currents.
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Figure C.1: (a) Instantaneous voltage waveforms; (b) Phase Voltage phasors

Considering the three voltage phasors of an unbalanced system represented in Fig. C.1, it
can be mathematically expressed as (C.1).

Ṽabc =

 ~Va
~Vb
~Vc

 =

 Va∠θa
Vb∠θb
Vc∠θc

 (C.1)

According to the symmetrical components theorem, voltage phasors Ṽabc are suitable to be
decomposed into a set of three phasors (C.2), with same magnitude and phase between them,
where a = e−j2π/3 = 1∠−120◦.

[~V +−0
a ] = [F ] · [~Vabc];

 ~V +
a

~V −a
~V 0
a

 =

 1 a a2

1 a2 a
1 1 1

 ·
 ~Va

~Vb
~Vc

 (C.2)

The relation between sequence phasors and voltage phasors for the three phases is given by
(C.3).

~Va = ~V +
a + ~V −a + ~V 0

a

~Vb = ~V +
b + ~V −b + ~V 0

b

~Vc = ~V +
c + ~V −c + ~V 0

c

(C.3)

Figure C.2 illustrates the resultant voltages in the time domain, where the positive terms
rotates in counter-clockwise and negative terms do it clockwise.

Similarly, it is possible to obtain the relation between voltage phasors, based on the se-
quence phasors, according to (C.4) and taking as reference the phase a.

~V +
b = a2~V +

a ; ~V −b = a~V −a ;
~V +
c = a~V +

a ; ~V −c = a2~V −a
(C.4)
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Figure C.2: Instantaneous voltage representation of the positive, negative and zero sequences

Additionally, the phasor voltages are extracted based on the sequence voltages by taking the
inverse of (C.2), leading to (C.5) ~Va

~Vb
~Vc

 =

 1 1 1
a2 a 1
a a2 1

 ·
 ~V +

a

~V −a
~V 0
a

 (C.5)

Based on the extended work of the Fortescue Theorem, proposed by [C.2], the symmetrical
component theorem is suitable to be applied into the time domain. Considered the instanta-
neous voltage waveforms presented in (C.6).

vabc =

 va
vb
vc

 =

 Va · cos(ωt)
Vb · cos(ωt− 2π/3)
Vc · cos(ωt+ 2π/3)

 (C.6)

Where v denotes the instantaneous value and V the RMS of the phase voltage. Considering

the relation cos (σ) =
ejσ + e−jσ

2
and according to [C.3], expression (C.6) can be defined as

the sum of two complex conjugated terms, (C.7).

vabc =
1

2

 ~Vae
jωt + ~V ∗a e

−jωt

~Vbe
jωt + ~V ∗b e

−jωt

~Vce
jωt + ~V ∗c e

−jωt

 (C.7)

Expression (C.7) is suitable to be transformed into the symmetrical components according to
the transformation presented in (C.2), the result yields to (C.8) v+

v−

v0

 =
1

2

 ~V +ejωt + ~V −
∗
e−jωt

~V −ejωt + ~V +∗e−jωt

~V 0ejωt + ~V 0∗e−jωt

 (C.8)

where the phasors ~V +−0 are obtained based on (C.9). ~V +

~V −

~V 0

 =
1√
3

 1 a a2

1 a2 a
1 1 1

 ·
 ~Va

~Vb
~Vc

 (C.9)



182 Space Vector Transformations of Three-Phase Systems

The terms v+−0 are time-dependent, meanwhile, ~V +−0 are the steady-state phasors. As results
of (C.2) and (C.9), it can be concluded, that the negative component v− is the complex
conjugate of the positive sequence component v+ and is for then superfluous, however the
steady-state phasor ~V − is independent from ~V + and it is only present in the case the system
is unbalanced. These values should not be mistaken for the positive and negative sequence
voltage vectors. These values are linked according to equation (C.10)

vabc =

 va
vb
vc

 = v+
abc + v−abc + v0

abc

= V +
m

 cos(ωt)
cos(ωt− 2π/3)
cos(ωt+ 2π/3)

+ V −m

 cos(ωt)
cos(ωt+ 2π/3)
cos(ωt− 2π/3)

+ V 0
m

 cos(ωt)
cos(ωt)
cos(ωt)


(C.10)

Since operator a = −1

2
+ j

√
3

2
is in the frequency domain, it can not be applied over vabc,

which are instantaneous and time dependent values. It is possible to obtain the instantaneous
voltage sequences by translating the operator a to the time domain by a filter, α, which
introduces a 90◦ delay, associated with j term, according to [C.4]. v+

a

v+
b

v+
c

 =
1

3

 1 α α2

α2 1 α
α α2 1

 ·
 va
vb
vc

 (C.11)

 v−a
v−b
v−c

 =
1

3

 1 α2 α
α 1 α2

α2 α 1

 ·
 va
vb
vc

 (C.12)

Similar results can be obtained from the frequency domain by applying related equations and
calculating the instantaneous value of the voltage sequence (C.13) - (C.16).

[~V +
abc] = [F+] · [~Vabc];⇒

 ~V +
a

~V +
b
~V +
c

 =
1

3

 1 a a2

a2 1 a
a a2 1

 ·
 ~Va

~Vb
~Vc

 (C.13)

 v+
a

v+
b

v+
a

 =

 V +
a cos(θ+

a )
V +
b cos(θ+

b )
V +
c cos(θ+

c )

 ~V +
a = V +

a ∠θ+
a ;

~V +
b = V +

b ∠θ+
b ;

~V +
c = V +

c ∠θ+
c ;

(C.14)

[~V −abc] = [F−] · [~Vabc];⇒

 ~V −a
~V −b
~V −c

 =
1

3

 1 a2 a
a 1 a2

a2 a 1

 ·
 ~Va

~Vb
~Vc

 (C.15)

 v−a
v−b
v−a

 =

 V −a cos(θ−a )
V −b cos(θ−b )
V −c cos(θ−c )

 ~V −a = V −a ∠θ−a ;
~V −b = V −b ∠θ−b ;
~V −c = V −c ∠θ−c ;

(C.16)



C.3 Stationary Reference Frame Transformation 183

C.3 Stationary Reference Frame Transformation

As stated above, from the transformation of the three real variables va, vb, vc, in (C.8),
there are only three independent real components: <(v+), =(v+) and v0, which can be
combined as (C.17).  <(v+)

=(v+)
v0

 =
1

3

 1 <(a) <(a2)
1 =(a) =(a2)
1 1 1

 va
vb
vc

 (C.17)

This combination yields to the widely used Clarke transformation, for time-dependent vari-
ables, based on the work presented in [C.5]. This transformation might be rewritten as (C.18),
where A is the Clark Transformation Matrix. Expressing (C.18) in matrix form leads to (C.19)
and (C.20).

vαβ0 = A · vabc (C.18)

 vα
vβ
v0

 = kp


1 − 1

2
− 1

2

0
√

3
2
−
√

3
2

1√
2

1√
2

1√
2


 va

vb
vc

 (C.19)

 vα
vβ
v0

 = km


1 − 1

2
− 1

2

0
√

3
2
−
√

3
2

1
2

1
2

1
2


 va

vb
vc

 (C.20)

Where the α element is the projection over the real axes of the voltage vector representation
and the β element is the projection over the imaginary axes. Graphical representation of the
transformation is depicted in Fig. C.3, where the homopolar component is orthogonal to the
αβ plane.

In (C.19), the kp term is a proportional value that might turn

√
2

3
and the ratio [A]−1 =

[A]T is fulfilled. In this case the transformation of the system is considered power invariant,
where the following is accomplished.

vα
2 + vβ

2 + v0
2 = va

2 + vb
2 + vc

2 (C.21)

Consequently as result, when transformation is applied to the voltage and currents of a three-
phase system, the resulting power relationship is as follows in (C.22).

p = vαβ0 · iαβ0 = vabc · iabc (C.22)

On the contrary, in (C.20) km =
2

3
, which means the transformation is magnitude invariant

and then the sinusoidal signals are equal in magnitude, fulfilling Vα = Va.

C.4 Synchronous Reference Frame Transformation

A particular widely used transformation in the analysis of electrical machines and, more
general, circuits is the Park transformation or synchronous transformation, which is based
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Figure C.3: Instantaneous representation of the αβ reference frame

on two orthogonal dq-axes that rotates at constant frequency, ωe, which corresponds to the
grid frequency. The dq-axes are located at an angular position respect to αβ reference frame,
which corresponds to the θ = ωet. Graphical representation of the relation between axes is
depicted in Fig. C.4.

The transformation may be simply defined as (C.23), where in both reference frames,
voltage is defined as a complex vector.

vdq = vαβ · e−jθ (C.23)

According to (C.23), matrix transformation which links both reference frame is shown in
(C.24).  vd

vq
v0

 = k

 cos (θ) sin (θ) 0
− sin (θ) cos (θ) 0

0 0 1

 vα
vβ
v0

 (C.24)

However, this transformation may be considered from the sinus waveform transformation,
depending on the alignment desired. Eq. (C.23) might become (C.25).

vdq = vαβ · e−j(θ−
π
2

) (C.25)

considering the relation e−j(θ−
π
2

) = sin (ωt)−j cos (ωt); which leads to a matrix transformation
(C.26)  vd

vq
v0

 = k

 sin (θ) − cos (θ) 0
cos (θ) sin (θ) 0

0 0 1

 vα
vβ
v0

 (C.26)

Similarly, it is also possible to transform the abc variables into the synchronous reference
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αβ
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Vαβ = Vdq
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ω
q

θ

Vα

Vβ

Vq

Vd

Vαβ0 = Vdq0

V0

Figure C.4: Representation of the dq0 reference frame

frame by means of the Park transformation matrix (C.27), as xdq0 = Tdq0 · xabc.

Tdq0 = k


cos(θ) cos

(
θ − 2π

3

)
cos

(
θ +

2π

3

)
−sin(θ) −sin

(
θ − 2π

3

)
−sin

(
θ +

2π

3

)
1√
2

1√
2

1√
2

 (C.27)

References

[C.1] C. L. Fortescue, “Method of symmetrical co-ordinates applied to the solution of
polyphase networks,” Transactions of the American Institute of Electrical Engineers,
vol. XXXVII, no. 2, pp. 1027–1140, July 1918.

[C.2] W. V. Lyon, Applications of the Method of Symmetrical Components. New York: Wiley,
1937.

[C.3] G. C. Paap, “Symmetrical components in the time domain and their application to
power network calculations,” IEEE Transactions on Power Systems, vol. 15, no. 2, pp.
522–528, May 2000.

[C.4] M. R. Iravani and M. Karimi-Ghartemani, “Online estimation of steady state and in-
stantaneous symmetrical components,” IEE Proceedings - Generation, Transmission
and Distribution, vol. 150, no. 5, pp. 616–622, Sep. 2003.

[C.5] E. Clarke, Circuit Analysis of A-C Power Systems. New York: Wiley, 1950.





Appendix D

Instantaneous Power Theory

D.1 Introduction

This power theory review serves as a reference frame for the modelling technique proposed
in Chapter 3, which has been extended to the impedance/admittance characteristic of a generic
system, based on the theories gathered in this appendix.

D.2 Instantaneous Power Theory

Under generic grid conditions, a generic excitation voltage might be defined according to
the symmetrical components theory as (D.1).

v =

∞∑
n=1

(
v+
n + v−n + v0

n

)

=

∞∑
n=1

V +
n


cos (nωt+ φ+

n )

cos (nωt− 2π

3
+ φ+

n )

cos (nωt+
2π

3
+ φ+

n )

+ V −n


cos (nωt+ φ−n )

cos (nωt+
2π

3
+ φ−n )

cos (nωt− 2π

3
+ φ−n )

+

V 0
n

 cos (nωt+ φ0
n)

cos (nωt+ φ0
n)

cos (nωt+ φ0
n)

 (D.1)
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The current drawn downstream the PCC might be defined as (D.2).

i =

∞∑
n=1

I+
n


sin (nωt+ δ+

n )

sin (nωt− 2π

3
+ δ+

n )

sin (nωt+
2π

3
+ δ+

n )

+ I−n


sin (nωt+ δ−n )

sin (nωt+
2π

3
+ δ−n )

sin (nωt− 2π

3
+ δ−n )

+

I0
n

 sin (nωt+ δ0
n)

sin (nωt+ δ0
n)

sin (nωt+ δ0
n)

 (D.2)

where superscripts +,− and 0 refer to the positive, negative and homopolar sequences [D.1,
D.2]. In (D.2), n states for the different harmonics of voltage v. According to [D.3, D.4, D.5],
the instantaneous power resulting from the interaction of the voltages and currents from (D.1)
and (D.2) may be described as (D.3).

p = v · i
q = |v × i| (D.3)

These expressions are considered instantaneous since are the result from the inner and
cross product of the instantaneous voltage and current vectors. This theory is applicable
during transients and the physical meaning of both terms may be summarized as follow:

• The instantaneous active power p describes the total instantaneous energy flow between
two systems.

• The imaginary power q is proportional to the quantity of energy that is being exchanged
between the phases of the system but it does not contribute to the energy transfer
between the source and the load.

Under generic conditions, which may include harmonic distortion and/or unbalance, (D.3)
may be decomposed in:

p = p̄+ p̃; (D.4)

q = q̄ + q̃; (D.5)

p0 = p̄0 + p̃0; (D.6)

where p̄, q̄ and p̄0 equal the average part of every power term, representing the result from the
interaction of voltage and current components with the same frequency and sequence. The
oscillating terms p̃, q̃ and p̃0 represent the oscillating energy flow, resulting from the interaction
of the harmonic distortion and the negative sequence caused by the unbalance, [D.2]. Those
oscillating terms have a zero average value, denoting an additional amount of power flow in
the system without effective contribution to the energy transfer. The amplitude of every term
is calculated according to:

p =
3

2

∞∑
n=1

[
V +
n I

+
n cos(φ+

n − δ+
n ) + V −n I

−
n cos (φ−n − δ−n )

]
(D.7)

q =
3

2

∞∑
n=1

[
V +
n I

+
n sin(φ+

n − δ+
n )− V −n I−n sin (φ−n − δ−n )

]
(D.8)
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p0 =
3

2

∞∑
n=1

V 0
n I

0
n cos(φ0

n − δ0
n) (D.9)

p̃ =
3

2


∞∑
m=1
m 6=n

[
∞∑
n=1

V +
m I

+
n cos ((ωm − ωn)t+ φ+

m − δ+
n )

]

+

∞∑
m=1
m 6=n

[
∞∑
n=1

V −m I
−
n cos ((ωm − ωn)t+ φ−m − δ−n )

]

+

∞∑
m=1

[
∞∑
n=1

−V +
m I
−
n cos ((ωm + ωn)t+ φ+

m + δ−n )

]

+

∞∑
m=1

[
∞∑
n=1

−V −m I+
n cos ((ωm + ωn)t+ φ−m + δ+

n )

]}
(D.10)

q̃ =
3

2


∞∑
m=1
m 6=n

[
∞∑
n=1

V +
m I

+
n sin ((ωm − ωn)t+ φ+

m − δ+
n )

]

+

∞∑
m=1
m 6=n

[
∞∑
n=1

V −m I
−
n sin ((ωm − ωn)t+ φ−m − δ−n )

]

+

∞∑
m=1

[
∞∑
n=1

−V +
m I
−
n sin ((ωm + ωn)t+ φ+

m + δ−n )

]

+

∞∑
m=1

[
∞∑
n=1

−V −m I+
n sin ((ωm + ωn)t+ φ−m + δ+

n )
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(D.11)

p̃0 =
3

2


∞∑
m=1
m 6=n

[
∞∑
n=1

V 0
mI

0
n sin ((ωm − ωn)t+ φ0

m − δ0
n)

]

+

∞∑
m=1

[
∞∑
n=1

−V 0
mI

0
n sin ((ωm − ωn)t+ φ0

m − δ0
n)

]}
(D.12)

The operation of the system of Figure 3.1, under unbalanced grid conditions, can be studied
by considering only the fundamental frequency in the previous power expressions, i.e. making
m = n = 1. Authors in [D.6] proposed a combination of the variables, based on the Park’s
transformation, as follows:

p =P0 + Pc2 cos (2ωt) + Ps2 sin (2ωt) (D.13)

q =Q0 +Qc2 cos (2ωt) +Qs2 sin (2ωt) (D.14)
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where P0 and Q0 represent the average value of the instantaneous active and reactive power,
whereas the other terms are related to the oscillatory terms which does not contribute to the
power transfer.The magnitude of these variables are calculated as follow:

P0 =
3

2

(
v+
d i

+
d + v+

q i
+
q + v−d i

−
d + v−q i

−
q

)
(D.15)

Pc2 =
3

2

(
v−d i

+
d + v−q i

+
q + v+

d i
−
d + v+

q i
−
q

)
(D.16)

Ps2 =
3

2

(
v−q i

+
d − v

−
d i

+
q − v+

q i
−
d + v+

d i
−
q

)
(D.17)

Q0 =
3

2

(
v+
q i

+
d − v

+
d i

+
q + v−q i

−
d − v

−
d i
−
q

)
(D.18)

Qc2 =
3

2

(
v−q i

+
d − v

−
d i

+
q + v+

q i
−
d − v

+
d i
−
q

)
(D.19)

Qs2 =
3

2

(
−v−d i

+
d − v

−
q i

+
q + v+

d i
−
d + v+

q i
−
q

)
(D.20)

where the terms are joint according to the terms link to sinus or cosinus in the Park’s trans-
formation. This approach is considerably interesting for the case of the active filtering, since
it enables a clear distinction between the different elements involved in the power transfer.

Similarly, (D.15)-(D.20), may be expressed within the stationary reference frame as de-
picted in (D.21) 

P0

P1

P2

Q0

Q1

Q2

 =
3

2



v+
α v+

β v−α v−β
v−α v−β v+

α v+
β

v−β −v−α −v+
β v+

α

v+
β −v+

α v−β −v−α
v−β −v−α v+

β −v+
α

−v−α −v−β v+
α v+

β

 ·

i+α
i+β
i−α
i−β

 (D.21)

Since the algorithm has been defined according to the αβ reference frame, this set of equations
is the one used in this document.

References

[D.1] G. C. Paap, “Symmetrical components in the time domain and their application to
power network calculations,” IEEE Transactions on Power Systems, vol. 15, no. 2, pp.
522–528, May 2000.

[D.2] R. Teodorescu, M. Liserre, and P. Rodriguez, Control of Grid Converters under Grid
Faults. IEEE, 2007, pp. 237–287. [Online]. Available: https://ieeexplore.ieee.org/
document/5732935

[D.3] M. A. Hirofumi Akagi, Edson Hirokazu Watanabe, Instantaneous Power Theory and
Applications to Power Conditioning. Wiley-IEEE Press, March 2007.

[D.4] H. Akagi, Y. Kanazawa, and A. Nabae, “Instantaneous reactive power compensators
comprising switching devices without energy storage components,” IEEE Transactions
on Industry Applications, vol. IA-20, no. 3, pp. 625–630, May 1984.

https://ieeexplore.ieee.org/document/5732935
https://ieeexplore.ieee.org/document/5732935


D.2 References 191

[D.5] Fang Zheng Peng, G. W. Ott, and D. J. Adams, “Harmonic and reactive power com-
pensation based on the generalized instantaneous reactive power theory for three-phase
four-wire systems,” IEEE Transactions on Power Electronics, vol. 13, no. 6, pp. 1174–
1181, Nov 1998.

[D.6] P. Rioual, H. Pouliquen, and J. . Louis, “Regulation of a pwm rectifier in the unbalanced
network state using a generalized model,” IEEE Transactions on Power Electronics,
vol. 11, no. 3, pp. 495–502, May 1996.





Appendix E

Simulation and Laboratory
Setup

E.1 Introduction

This appendix provides additional information related to the simulation, facilities and
laboratory setup employed during the experimental verification of the present work. All
experiments have been conducted in the Laboratory for Electrical Energy Management Unified
Research (LEMUR), from the Universidad de Oviedo.

E.2 Simulation and Experimental Setup of the HFSI
Technique proposed in Chapter 4

The grid impedance estimation method proposed in Chapter 4 consists on the analysis of
the response to a high frequency excitation signal injected from a converter. Simulations of
the method have been carried out through Matlab/Simulink® software and the experimental
setup is shown in Fig. E.1. The converter information and the technical data of the RL filter
and the additional inductance, Lg, used to increase the inductive characteristic of the grid is
included in Table E.1. The control system is implemented within a Texas Instruments Digital
Signal Controller (F28335). Both simulation and experimental test were carried out with the
same technical characteristics.
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Table E.1: System parameters of the setup for the experiment described in E.2

Converter parameters Value

Power (kW) 30
DC Link Voltage (V) 750
Max Current (A) 30
Switching frequency (kHz) 10
AC Filter Lf = 7 mH, Rf = 0.33 Ω
Grid impedance Lg = 9 mH, Rg = 0.02 Ω
DC bus capacitor (µF) 700

Loads

Three phase balance load (Ω) Rl = 18
Single phase loads (Ω) Rls = 18

Control

Sampling control loop Tc (µs) 100
DC voltage loop Kp = 0.088, Ki = 13.2
Current control loop Kp = 5.341, Ki = 2221.4

High frequency parameters

Carrier voltage (V) 10.0
Carrier frequency (Hz) 333
Converter switching frequency (kHz) 10
Sampling frequency (kHz) 10

Grid Inductance

Load

PCC

VSC

AC-Grid

Figure E.1: Setup for experimental validation of the HFSI Technique proposed in Chapter 4. At the bottom
left side the inductance bank used to emulate the impedance upstream from the PCC, where the STATCOM
and local loads are connected.
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E.3 Experimental Setup of the LFSI Technique pro-
posed in Chapter 5

The estimation technique proposed in Chapter 5 considers the operation of multi-
ple grid-tied converters at the same PCC. Simulations have been carried out through
Matlab/Simulink® software and the experimental setup is shown in Fig. E.2. The infor-
mation of both converters as well as the technical data of the RL filter and the additional
inductance, Lg, used to emulate the inductive characteristic of the grid is included in Ta-
ble E.2. The control system is implemented within two Texas Instruments Digital Signal
Controllers (F28335), one per converter.

PCC 1

Load

PCC 2

Grid Inductance

AC - Grid

VSC 1

VSC 2

Figure E.2: Setup for experimental validation of the PSI Technique proposed in Chapter 5.

Table E.2: System parameters of the setup for the experiment described in E.3

Hardware

Grid voltage Vrms = 400 V, f = 50 Hz
Rated power/current S = 30 kVA, In = 43.3 A
DC link vdc = 750 V, C = 350 µF
Grid impedance Lg = 9 mH
Converter filter VSC 1 and VSC 2 Lfilter = 1.0 mH, Rfilter = 0.16 mΩ

Control

pulse mag. 20 V
pulse width. 2 ms
λ 0.9/0.8
SF at rated power fsw = 1 kHz
Current reg. bandwidth 500 Hz
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E.4 Experimental Setup of the Variable SF Tech-
nique Proposed in Chapter 6

The efficiency study carried out in Chapter 6 is based on the switching frequency adap-
tation based on the operating conditions of the system. Simulations have been carried out
through Matlab/Simulink® software and the experimental setup is shown in Fig. E.3. The
information of the converter and the technical data is included in Table E.3. The informa-
tion regarding the transformer, loads and distribution line to emulate the EPS environment
is included in Table E.4. The control system is implemented within two Texas Instruments
Digital Signal Controllers (F28335).

Table E.3: Converter parameters according to the experimental validation from E.4

Hardware

Grid voltage Vrms = 400 V, f = 50 Hz
Rated power/current S = 30 kVA, In = 43.3 A
System impedance See Table E.2
Coupling inductor Lfilter = 1.0 mH, Rfilter = 0.16 mΩ
DC link vdc = 800 V, C = 350 µF
IGBT modules 2MBI200HH-120-50
Dead-time td = 1 µs

Control

PWM Type Sym. regular sampled w/ 3rd harm. injection
SF at rated power fsw = 3 kHz
PLL Dual 2nd Order Generalized Integrator (SOGI)
Anti-aliasing filter Butterworth 2nd order, fc = fsw/2
Current reg. bandwidth 300 Hz
Power factor 1

Power Converter

Li-Ion Battery

Local Load

Grid Simulator

Figure E.3: Test setup for the experimental validation of the technique proposed in E.4
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Table E.4: Installation parameters according to the experimental validation from E.4

Transformer

Rated power Sn = 100 kVA
Short-circuit impedance & resistance Zpu = 0.06, Rpu = 0.01

Distribution Line

Length l = 200 m
Resistance Rline = 0.2 mΩ/m
X/R ratio 0.32

Local Loads

Power factor 1
Active power P = 50 kW

E.5 Cascade Control Design

The structure of a VSC cascade control is generally composed by: an outer loop, which
is devoted for controlling the DC-Link voltage and an inner control that is responsible of the
current control. Current control loops are designed to provide high dynamic response of the
system and no phase and amplitude errors, since fast response is the main issue. On the other
hand, voltage control has longer settling times, since stability is the major concern. Three-
phase converters are generally controlled by PI regulators, which achieve zero steady-state
error with DC magnitudes. To do so, three-phase magnitudes require to be transformed into
the dq-reference frame, synchronized with grid frequency ωe, and thus, the alternating terms
become constant at 50 Hz. The dynamic characteristic of the output filter of the converter
can be modelled as (E.1).

G =
1

Lf · s+Rf
(E.1)

Accordingly, the transfer function of the PI, (E.2), is tuned to achieve zero/pole cancellation.

The gains are set based on the magnitudes of the output filter as: Kp = 2πfbwLf and Ti =
Lf
Rf

,

where fbw is the bandwidth of the regulator.

Ci =
vedq
e

= Kp
s+ 1/Ti

s
= Kp +

Ki

s
; (E.2)

Ki =
Kp

Ti
(E.3)

A similar procedure of zero/pole cancellation is followed to design the PI voltage controller
devoted to control the DC-link. In this case, the size of the capacitor will determine the
location of the pole, by setting Kp = 2πfbwC, considering a bandwidth ten times slower than
the current controller, then, the Ki term is selected in order to cancel the poles of the closed
loop system.
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Phase Power Converters
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Abstract—This paper describes a method to provide low-voltage
four-wire three-phase power converters with the capability of un-
balance estimation as an ancillary service to the main role that
they play in the distribution system (distributed generator, energy
storage system, drive, etc.). Typically, dedicated grid/load current
sensors are needed to effectively comply with unbalance compen-
sation tasks, increasing system cost and reducing reliability. This
is due to the difficulties that arise in the extraction of the zero-
and negative-voltage components from the voltages at the point of
common coupling, such as the inadequate resolution of full-scaled
voltage sensors and limited spectral separation. In this paper, the
proposed method does not rely on additional sensors to those typi-
cally used in voltage-source converters, and in any case, those sen-
sors are limited to the point of connection of the power converter.
Impedance estimation only using converter-side current sensors is
implemented by adding a high-frequency voltage excitation over
the fundamental command. A new model approach is proposed
for the real-time extraction of system impedance using a complex-
valued compact form. Considering the voltage source at that fre-
quency to be unique in the grid, it will be proved that the impedance
and, thus, the resulting negative-sequence current, which is used for
unbalance compensation, can be estimated. For the zero sequence,
a special arrangement of the converter voltage sensors together
with a repetitive controller is used.

Index Terms—Active filter, dc-ac power conversion, distributed
resources, four-wire systems, impedance estimation, unbalanced
load.
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I. INTRODUCTION

THE adoption of distributed generation has been increased
in the past few years due to both political and economic

regulations [1], [2] and emerging power electronics converter
topologies, which allow us to improve network quality and re-
liability [3] and decrease in the costs for distributed generation.
Power converters have been employed at the transmission net-
work to improve power transmission capability, e.g., static syn-
chronous compensator (STATCOM) [4], [5], static synchronous
series compensator [6], and unified power flow controller [4],
[7]. Similar topologies have been later integrated at distribu-
tion levels, e.g., active power filters (APFs) [8]–[11], allowing
the increase of the distributed generation penetration and over-
coming some problems related to the decentralized generation
approach.

Among the problems related to the distributed generation
paradigm [12], [13], current and/or voltage unbalances or sags
have recently received much attention [7], [14]–[17]. There are
several international standards that recommend maximum lim-
its of the voltage unbalance: ANSI Standard C81.1 requires to
keep it lower than 3% [18], and the International Electrotechnical
Commission and the European Committee for Electrotechnical
Standardization recommend the limit of 2% [19], [20].

Unbalance compensation can be achieved by shunt [21], se-
ries [22], or series/shunt combination of the power converter
[23], [24]. Among the three structures, series/shunt allows for
an optimal [25], [26] sharing of the voltage/current compensa-
tion. However, it requires a dedicated converter for the compen-
sation problem. Solely shunt converter compensation can lead
to high compensation currents through the converters, reduc-
ing the active/reactive power supply capability, and thus, some
sharing mechanism among the APF is needed [14]. Sharing of
unbalance can be done either by exchanging information among
the microgrid converters or by an autonomous method, which is
implemented in the form of a droop control [14], [15], [17].

Measurement of the unbalanced components, i.e., negative-
and zero-sequence voltages and currents, is a challenging task.
Two options are currently used, each of those having an impor-
tant drawback. When relaying on the voltages at the point of
common coupling (PCC), they are greatly affected by the grid
impedance value. In those cases, where the converter is coupled

0093-9994 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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to a strong grid, the reduced grid impedance makes the negative-
and zero-sequence voltage values to be within the resolution lim-
its of the voltage sensors [27]. Alternatively, current sensors can
be used for the measurement of negative- and zero-sequence
currents. However, this requires additional current sensors to be
placed either at the load or at the grid side.

This paper proposes to overcome these limitations by a com-
bination of novel techniques. First, a new modeling approach,
able to determine the average and differential grid impedances
using only converter-side variables, will be presented. Negative
sequence will be measured from the converter current sensors
and by adding an additional excitation high-frequency signal
(HFS) over the voltage command. This HFS will interact with
the unbalance load, creating a high-frequency negative current
that can be used for compensation. Zero-sequence voltage will
be measured by using a dedicated voltage sensor, fully scaled
to this signal. This will allow us to increase the resolution,
while, in conjunction with other two phase-neutral sensors,
it will allow the synchronization of the power converter to
operate normally. This contribution is based on the results
presented in [28]. This paper extends the mathematical model-
ing in detail, adding new simulation and experimental results,
which corroborate the accuracy of the proposed modeling
technique.

The rest of this paper is organized as follows. In Section II, a
novel modeling technique will be used to analytically highlight
the coupling between the positive-, negative-, and zero-current
sequences with nonbalanced loads and voltage unbalances. The
proposed analysis allows obtaining the expressions of complex
current vectors in the αβ0 reference frame from the values of the
voltages and loads in the abc reference frame using a compact
representation. The method is not only valid for the analysis at
the fundamental frequency, but also when an HFS is injected
by the converter. In Section III, the proposed method for the
unbalance estimation using an HFS injection for the measure-
ment of the unbalance from the converter-side current sensors is
explained. The development includes the needed theoretical ex-
pressions, as well as the experimental validation. In Section IV,
a compensation method based on the high-frequency modeling
is presented. In Section V, the proposed zero-sequence com-
pensation strategy is explained. The method includes two main
features: 1) the use of a special sensor arrangement in order to
increase the resolution of the zero-sequence voltage; and 2) the
use of a repetitive controller (RC) for the compensation of the
zero-sequence current.

II. SYSTEM MODELING

Modeling of the system shown in Fig. 1 can be done in both
the stationary reference frame (αβ0) and the synchronous ref-
erence frame (dq0). In this paper, the αβ0 reference frame is
used, since it leads to a simpler formulation in the presence of
unbalances [29]. Considering RL elements for describing the
system impedances, the voltage drop over each of the elements
in the natural abc reference frame is given by

vabc = Rabciabc + Labc
diabc

dt
. (1)

Fig. 1. Schematic for the power converter and load connection to the PCC.
Loads can be both 3φ and 1φ.

Fig. 2. Axis orientation for system loads (αiβi) and general stationary refer-
ence frame axis (αβ).

Transformation from abc to αβ0 is defined in (2a) for currents
and voltages and in (2b) for impedances, being the A matrix
transformation defined in (3)

xabc = Axαβ0 (2a)

Zαβ0 = A−1ZabcA (2b)

A =

√
2
3

⎛
⎜⎜⎝

1 0 1√
2

− 1
2

√
3

2
1√
2

− 1
2 −

√
3

2
1√
2

⎞
⎟⎟⎠ . (3)

Moving from the abc to the αβ0 reference frame has the ad-
vantage of using the more compact complex vector notation
for the modeling, including the symmetrical component analy-
sis, which is widely used [30]. Under this transformation, the
impedance matrix is expressed according to (2b), leading to

Zabc =

⎛
⎜⎝

Za 0 0

0 Zb 0

0 0 Zc

⎞
⎟⎠⇒

⎛
⎜⎝

Zαα Zαβ Zα0

Zβα Zββ Zβ0

Z0α Z0β Z00

⎞
⎟⎠ . (4)

As shown, the impedance in the αβ0 reference frame has a
more complicated expression, with terms outside of the main di-
agonal. This will make the modeling more difficult, and thus, it is
desirable to find a mathematical approach for its simplification.

This paper proposes a new modeling approach, in which mul-
tiple reference frames in the αβ0 domain are used. A graphical
representation for the proposal is shown in Fig. 2. Each of the
impedances is represented in a reference frame aligned with
the unbalance direction (θi

e in Fig. 2). Using that approach, and
assuming there is no cross-coupling between the phases, the
impedance can be represented by (5). In the case cross-coupling
is considered, it will be represented by nondiagonal terms [31].
However, it should be noted that cross-coupling impedances in
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low-voltage (LV) distribution networks have, generally, a neg-
ligible value compared to the phase impedances [32]. The main
characteristic of this reference frame is the matrix being diago-
nal, thus noticeably easing the needed algebra for the modeling

Zαβ0i =

⎛
⎜⎝

Zααi
0 0

0 Zββi 0

0 0 Z00i

⎞
⎟⎠ . (5)

In (5), each load is represented by the subscript i. For the case the
load is balanced, Zααi = Zββi = Z00i. Rotating the impedance
matrix to the αβ0 reference frame and considering n loads
leads to

Zαβ0 =

n∑

i=1

⎡
⎢⎣ΣZi

⎛
⎜⎝

1 0 0

0 1 0

0 0 1

⎞
⎟⎠

+ |ΔZi|

⎛
⎜⎝

cos θi
e − sin θi

e

√
2 cos θi

e

− sin θi
e − cos θi

e

√
2 sin θi

e√
2 cos θi

e

√
2 sin θi

e 0

⎞
⎟⎠

⎤
⎥⎦ .

(6)

In (6), ΣZi and ΔZi can be defined in (7) and (8), respectively:

ΣZi =
Zααi + Zββi

2
=

Za + Zb + Zc

3
(7)

ΔZi =
Zααi − Zββi

2
=

Za + a · Zb + a2 · Zc

3
(8)

θi
e = tan−1(ΔZi) (9)

where θi
e is the impedance unbalance angle and a = e−j2π/3. For

example, for single-phase loads at phases a, b, and c, θi
e equals

0, 2π/3, and 4π/3, respectively. It is worth noting that for the
case of single-phase loads, in which the impedances at the two
remaining phases are infinity, expressions (7) and (8) will also
be evaluated as infinity.

By substituting (6) into the voltage equation (1) expressed
in the αβ0 reference frame, and considering steady-state con-
ditions, the resulting current vector (iαβ) and the homopolar
component (i0) are given by (10) and (11), respectively, as

iαβ = V +
αβ

n∑

i=1

[
ΣYie

jωet − ΔYie
−j(ωet+θi

e)
]

+ V −
αβ

n∑

i=1

[
ΣYie

−jωet − ΔYie
j(ωet−θi

e)
]

(10)

i0 = V0

n∑

i=1

[
1

ΣZi
sin (ωet + φe)

]

+ V +
αβ

n∑

i=1

[
ΔY 2

i

ΣYi

√
2

(
ejωet − ΣYi

ΔYi
ej(ωe+θi

e)

)]

+ V −
αβ

n∑

i=1

[
ΔY 2

i

ΣYi

√
2

(
e−jωet − ΣYi

ΔYi
e−j(ωe+θi

e)

)]

(11)

where ΣYi = ΣZi

ΣZi
2−ΔZi

2 , ΔYi = ΔZi

ΣZi
2−ΔZi

2 , ωe is the grid

frequency, φe = tan−1 (vαβ), and V +
αβ , V −

αβ , and V0 are the
positive-, negative-, and zero-sequence magnitudes of the volt-
age vector.

The proposed model allows obtaining a compact expression
in time domain for the αβ0 terms of the current vector depending
on the equivalent impedance, as seen from a voltage source. This
will be used later for isolating different parameters in real time,
having applications from impedance estimation to unbalance
compensation. In order to compare the proposed model with
the traditional symmetrical component approach, the following
equation provides the expression for the positive, negative, and
zero components derived from (10) and (11):
⎛
⎝

I+
αβ

I−
αβ

I0

⎞
⎠ =

n∑

i=1

⎡
⎢⎣ΣYi

⎛
⎜⎝

1 0 0

0 1 0

0 0 1

⎞
⎟⎠ − ΔYi

·

⎛
⎜⎝

0 ejθi
e 0

ejθi
e 0 0√

2(ejθi
e − ΔYi

ΣYi
)

√
2(ejθi

e − ΔYi

ΣYi
) ΔYi

ΣYi

⎞
⎟⎠

⎤
⎥⎦

⎛
⎝

V +
αβ

V −
αβ

V0

⎞
⎠ .

(12)

Equations (10)–(12) build the proposed model by adding to-
gether all the admittances at the PCC using the superposition
theorem. The equivalent admittance at the PCC, later used for
the impedance identification, can be defined as

Y αβ
eq =

n∑

i=1

[
1

ΣZ2
i − ΔZ2

i

(
ΣZi

(
1 0

0 1

)

+ |ΔZi|
(

− cos θi sin θi

sin θi cos θi

))]

=
1

ΣZ2
eq − ΔZ2

eq

(
ΣZeq

(
1 0

0 1

)

+ |ΔZeq|
(

− cos θeq sin θeq

sin θeq cos θeq

))
. (13)

For the online estimation of the equivalent impedance, the equiv-
alent admittance is used instead. This is to avoid any division by
zero when the current is zero. The equivalent mean and differ-
ential admittances can be obtained using (14) and (15). Clearly,
the two equations can be solved in real time with a really low
computational burden, thus allowing for a simple identification
method. Equivalent expressions for the impedance terms are also
included in (16) and (17), respectively:

ΣY αβ
eq =

i+αβ · v+
αβ − i−αβ · v−

αβ

(v+
αβ)2 − (v−

αβ)2
(14)

ΔY αβ
eq =

i−αβ · v+
αβ − i+αβ · v−

αβ

(v+
αβ)2 − (v−

αβ)2
(15)

ΣZαβ
eq =

v+
αβ · i+αβ − v−

αβ · i−αβ

(i+αβ)2 − (i−αβ)2
(16)

ΔZαβ
eq =

v−
αβ · i+αβ − v+

αβ · i−αβ

(i+αβ)2 − (i−αβ)2
. (17)
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Fig. 3. Experimental setup according to the schematic shown in Fig. 1. At the
bottom left side, the inductance bank is used to emulate the impedance upstream
from the PCC, where the STATCOM and local loads are connected.

TABLE I
SYSTEM PARAMETERS

The proposed model has been validated by numerical sim-
ulation and experimental tests. For that, different step changes
in the load impedance values (za, zb, zc) have been applied,
and the predicted model values for the current and impedances
have been compared with respect to the simulation and exper-
imental results. A real setup is presented in Fig. 3, following
the same topology as the schematic in Fig. 1. A four-wire/three-
phase VSC of 30 kVA has been used to perform the experiments
with the system parameters depicted in Table I. The control sys-
tem is implemented within a Texas Instruments digital signal
controller (F28335). The VSC was operated in the STATCOM
mode, where the d-axis is devoted to maintaining the dc link at a
nominal voltage. A constant reference of 10 A is set in the q-axis.

Fig. 4. Experimental results. Voltage measurements at the PCC, under three
different unbalance conditions as a consequence of a change in the load
impedance. Unbalance is induced by connecting a parallel 18-Ω load at 0.1 s to
the 18-Ω balanced load at the PCC. From left to the right: unbalance induced in
phase a, unbalance induced in phase b, and unbalance induced in phase c. From
top to bottom: (a) phase voltages, (b) α, β components, and (c)–(e) the positive,
negative, and zero components of the voltage vector.

Fig. 5. Experimental results. Converter current measurement at the PCC, un-
der the three different unbalance conditions described in Fig. 4. From left to right:
unbalance induced in phases a, b, and c. From top to bottom: (a) phase currents,
(b) α, β components, and (c)–(e) the positive, negative, and zero components of
the current vector.

The reason behind the VSC being injecting current is to illus-
trate the effect of the load unbalance over the converter current.
At initial time, the load impedance is balanced and equal for
the three phases (Za = Zb = Zc = 18 Ω). As expected, neither
negative nor homopolar component is observed.

Figs. 4–6 show the experimental results in the αβ0 refer-
ence frame for the converter voltage, converter current, and grid
voltage at the PCC, respectively, under different load unbalance
conditions in each phase. At instant 0.1 s, an 18 − Ω load is
connected in parallel to phase a, decreasing its nominal value
by 50%. Voltage distortion is present at the PCC, where 14.4 V
of negative sequence is measured, as shown in Fig. 4. The pres-
ence of the unbalance is also reflected in both Figs. 5 and 6,
where a homopolar current of 11.2 A starts flowing through the
system. Similarly, a negative-sequence current of 1.2 A is mea-
sured from the converter side and 5.2 A from the grid side. The
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Fig. 6. Experimental results. Grid current measurement, under the three dif-
ferent unbalance conditions described in Fig. 4. From left to right: unbalance
induced in phase a, unbalance induced in phase b, and unbalance induced in
phase c. From top to bottom: (a) phase currents, (b) α, β components, and
(c)–(e) the positive, negative, and zero components of the current vector.

Fig. 7. Experimental results. Equivalent grid impedance at the PCC measured
at 50 Hz. From left to right: unbalance induced in phases a, b, and c. From top to
bottom: (a) phase impedances, (b) |ΣZ| component, (c) phase of ΣZ, (d) |ΔZ|
component, and (e) θe

i , which corresponds to the unbalance angle.

same test is repeated in the other two phases (results from unbal-
ance in phase b and c are shown in the middle and right columns),
obtaining similar results in the voltage and current magnitudes.

Fig. 7 compares the impedance values according to (7)–(9)
and the ones obtained from the experimental measurements, at
both grid and converter sides, in order to support the proposed
model and ease the explanation. The interesting aspect of the
test lies in the comparison of the unbalance angle θi

e, which
is rotating depending on the phase where the unbalance is lo-
cated. In the first case, the impedance angle changes from 0◦ to
−26.67◦. The second case, where the unbalance takes place in
phase b, θe

i changes from 0◦ to −148.3◦. Note that this result is
120◦ delayed with respect to the previous unbalance in phase

a and ideally should be θb = −26.67◦ − 120◦ = −146.67◦.
The difference between the expected result and the real one
is considered within the error tolerance. For the unbalance in
phase c, the change is from 0◦ to 93.33◦, which corresponds
to θc = 120◦ − 26.67◦ = 93.33◦. The remaining variables de-
picted in Fig. 7 are not dependent on the phase unbalance, but
only on the magnitude of the unbalance. For this reason, |ΣZ|
decreases from 2.8 to 2.7 Ω and |ΔZ| increases at instant 0.1 s
from 0 to 0.15 Ω.

From (10), it is clear that the load unbalances will cause
negative- and zero-sequence currents to appear, which poten-
tially will create an unbalance in the grid supplied voltages.
Compensation can be done by injecting a negative- and zero-
sequence currents in opposition to the respective unbalanced
currents [14]. There are several methods proposed in the liter-
ature to compensate for this, all of them requiring to separate
(filter) the negative and zero sequences from the positive one
and to cancel them out by using negative- and zero-sequence
current controllers [14], [15]. For the measurement, extra cur-
rent sensors for the load or the grid currents are required. The
need for these extra sensors is demonstrated according to the
results presented in Fig. 7, where the impedance observed from
the converter side (green line) and the one observed from the
grid side (red one) are represented. This clear inaccuracy in the
results is due to the lack of information from the converter-side
currents. Impedances are calculated according to (16) and (17),
resulting in

ΣZαβ
g =

(v+
gαβ

− v+
cαβ

) · i+gαβ
− (v−

gαβ
− v−

cαβ
) · i−gαβ

(i+gαβ )2 − (i−gαβ
)2

(18)

ΔZαβ
g =

(v−
gαβ

− v−
cαβ

) · i+gαβ
− (v+

gαβ
− v+

cαβ
) · i−gαβ

(i+gαβ )2 − (i−gαβ
)2

(19)

where vgαβ
and igαβ

are the PCC voltage and the grid current,
respectively, and vcαβ

and icαβ
are the voltage and current at

the converter side, respectively. The required extra sensor for
the igαβ

current is an undesired component, and thus, it is desir-
able to obtain an impedance estimation without it. However, as
evidenced in Fig. 7, the use of the converter current at the fun-
damental frequency is not an option. In the following section,
an approach for the unbalance estimation based on the injection
of an HFS is proposed. The method will enable the measure-
ment of the grid impedance from the converter side currents,
thus leading to a sensorless compensation.

III. HFS INJECTION AND ONLINE MEASUREMENT OF

EQUIVALENT IMPEDANCE AT THE PCC

As discussed previously, the existence of unbalances both in
the impedance and in the voltages will generate negative- and
zero-sequence components in the current vector (10), (11). The
developed model did not take any assumption about the excita-
tion frequency, and thus, it can be used to any fixed-frequency
excitation just changing the ωe variable by the frequency of
interest. If a balanced high-frequency (ωhf) carrier-signal volt-
age vhf+

αβ , as denoted by (20), is added to the converter volt-
age command, it will induce a high-frequency current (21) that
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Fig. 8. Experimental results. High-frequency PCC voltage. Each column
presents the results under one phase unbalanced: left column: unbalance in phase
a; middle column: unbalance in phase b; and right column: unbalance in phase c.
From top to bottom: (a) Positive sequence of the high-frequency voltage signal
in the dq reference frame at 333 Hz; (b) negative sequence in the dq reference
frame at 333 Hz.

Fig. 9. Experimental results. High-frequency converter current. Each column
presents the results under one phase unbalanced: left column: unbalance in phase
a; middle column: unbalance in phase b; and right column: unbalance in phase c.
From top to bottom: (a) Positive sequence of the high-frequency current signal
in the dq reference frame at 333 Hz; (b) negative sequence in the dq reference
frame at 333 Hz.

includes a high-frequency negative-sequence component deter-
mined by the impedance unbalance. However, two fundamen-
tal differences exist compared to the fundamental excitation: 1)
as the high-frequency voltage is created by the converter and
superimposed to the fundamental voltage, the resulting high-
frequency converter current ihf

C contains the unbalance informa-
tion; hence, measuring the current at the load, il, or at the grid
side, ig, is not needed to proceed with the compensation (see
Fig. 1). The same concern implies the selection of the excita-
tion signal frequency, which should be selected with enough
spectral separation from the current controller bandwidth and
not higher than half the switching frequency when synchronous
sampling is used, according to the Nyquist theorem. The selec-
tion of an interharmonic is done to not interfere with possible
additional shunt-connected converters at the PCC; and 2) filter-
ing the negative-sequence current from the positive one is easier
at higher frequencies, since there is more spectral separation.
This will allow us to increase the resolution of the system to
light unbalanced conditions. Figs. 8 and 9 show, respectively,
the experimental high-frequency voltage at the PCC and current
signals injected by the converter to calculate the equivalent grid
impedance. To clarify and ease the understanding, the signals are
presented in the synchronous reference frame at 333 Hz. At in-
stant t = 0.1 s, the unbalance is produced. As expected, both the
negative voltage and current sequences have information about
the unbalance

vhf
αβ = V hfejωhf t (20)

Fig. 10. Comparison of the results obtained in the simulation (blue line), the-
oretical expression (red line), and experiment (yellow line) of the presented
method. Each column presents the results under one phase unbalanced: left col-
umn: unbalance in phase a; middle column: unbalance in phase b; right column:
unbalance in phase c. From top to bottom: (a) Equivalent value of ΣZ, (b) angle
in degrees of the ΣZ, (c) equivalent value of ΔZ, and (d) θi

e.

ihf
αβ = V hf

n∑

i=1

[
ΣY hf

i ejωhf t + ΔY hf
i ej(−ωhft+θi

e)
]
. (21)

The proposed HFS injection for the estimation of the model
parameters has been tested by both simulation and exper-
imental results. The simulation parameters are gathered in
Table I. In Fig. 10, the proposed model is verified using
MATLAB/Simulink for different steps in the load connected
at the PCC.

Fig. 10 gathers the results obtained in the simulation, the the-
oretical expression, and the experiment of the method. The se-
quence of the experiment is the same as the one explained above
in Fig. 7. A load unbalance is induced in every phase of the sys-
tem at 0.1 s, and every impedance term is calculated only with
the converter-side measurements.

Table II summarizes the rms current values, at 50 and 333 Hz
(hf superscript), of the presented model, the simulation, and the
experimental results. In this table, t1 and t2 represent the in-
stants before and after the unbalance takes place. Model columns
show the current values resulted from applying the mathematical
model presented in (10) with the same grid impedance values
from Table I, before and after the unbalance conditions. Simula-
tion and experimental columns show the results obtained from
a MATLAB/Simulink model and from the experiment, respec-
tively. The results are shown, in rows, for each of the phases,
and as a percentage error with respect to the model results. The
current values presented in Table II are calculated based on the
equivalent impedance of the system in Fig. 1, both at 50 and
333 Hz. As stated above, grid currents I+

gαβ
and I−

gαβ
are pro-

duced by the interaction of both grid and converter voltages.
These estimated grid currents are supported as well as by the
results presented in Fig. 6(c) and (d). On the contrary, Ihf +

αβ and
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TABLE II
COMPARISON OF RMS CURRENT VALUES

Ihf −
αβ result from the high-frequency excitation signal (20), pro-

vided by the converter, so for this case, only the converter volt-
age at 333 Hz needs to be considered. Clearly, there is a close
agreement among the proposed model, the simulation, and the
experimental results for all the tested conditions. Nevertheless,
small deviations are perceived in the experimental results, due
to the fact that the simulations are conducted using an ideal volt-
age source. This might not be the case in the experimental tests,
where a real grid is taken as the PCC, and thus, nonideal voltage
conditions are included. Besides that fact, calibration differences
among the three current and voltage sensors are candidates for
the error, being below 9% for all the conducted tests.

IV. HFS-BASED UNBALANCE COMPENSATION

In order to achieve the proposed sensorless unbalance com-
pensation, it is needed to determine the equivalent differential
admittance/impedance at the PCC as seen by the ac network at
the fundamental frequency and to relate it to the equivalent high-
frequency injected from the power converter. With the definition
of variables used in Fig. 1, (10) can be represented in compact
form as (22), whereas (21) is given by (23):

Iωe
gαβ

= Y ωe
eqαβ

· (V ωe
gαβ

− V ωe

αβ
) (22)

Iωhf
cαβ

= Y ωhf
eqαβ

· (V ωhf
αβ

− V ωhf
gαβ

) (23)

where ωe is the fundamental frequency and ωhf is the high fre-
quency. Yeq is the equivalent admittance at the PCC, determined
from the parallel connection of the grid and the load impedances
as: Yeq = Yg + Yl and can be determined using (13). By analyz-
ing (22) and (23), it is clear that the equivalent admittance can be
determined, at the two different frequencies, from both expres-
sions. In traditional unbalance compensation approaches, (22)
is used. However, it requires an additional current sensor for the
grid or load current. In the method proposed in this paper, only
the converter current is measured, and thus, the compensation

Fig. 11. HFS injection and signal processing. Spectrum showing the main
components of the converter current (ic) is shown in the lower right corner.

will be determined from (23). It is worth noting that, assuming
that the grid voltage is represented as an ideal voltage source
upstream the grid impedance, the high-frequency component of
the grid voltage (V ωhf

gαβ
) could be assumed to be zero. Compen-

sating the circulating high-frequency negative-sequence current
requires to inject a high-frequency negative-sequence voltage.
Being the goal of the proposed high-frequency injection to de-
termine the needed compensation voltage at the fundamental
frequency, the idea is to first determine the needed voltage for
the high-frequency excitation and, then, obtain the correspond-
ing fundamental frequency component. By applying (10) to the
high-frequency components and making the two terms to gen-
erate a negative-sequence current to cancel out, an expression
for the required negative-sequence high-frequency voltage is
given by

vhf−
αβ = −vhf+

αβ

n∑

i=1

ΔY hf
i e−jθi

e

ΣY hf
i

. (24)

As the information of the load unbalance is still included in vhf−
αβ ,

the proper correction action at the grid frequency can be derived
from this value.

In regard to the high-frequency excitation signal, its mag-
nitude and frequency values can be tuned separately. From a
power quality perspective, increasing the frequency and reduc-
ing the magnitude is preferred. However, this reduces the signal-
to-noise ratio of the method. Additionally, the injected frequency
should not be a harmonic of the fundamental frequency, in or-
der to avoid the reaction of any existing harmonic compensator
connected to the grid [33]. For this paper, the values shown in
Table I have been chosen.

The control scheme shown in Fig. 11 is used to compensate
for the negative-sequence current at grid frequency. A positive-
sequence high-frequency (333 Hz) carrier voltagevhf+

Cαβ is added
to the converter voltage, causing a negative-sequence component
to appear in the converter current at the same frequency ihf−

Cαβ .
Provided that the grid side is free from this frequency compo-
nent and mostly balanced, this negative-sequence component is
the same as could be observed at the load, i.e., ihf−

Cαβ = −ihf−
lαβ .

This negative-sequence current is obtained from the converter
current and controlled to be zero by using two PI regulators,
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Fig. 12. Conventional cascade control combined with the high-frequency ex-
citation signal. HFS is injected as a voltage signal over the current-loop control
action.

one per each axis. The output of this regulator, vhf−
Cαβ , is used

to estimate the negative sequence to be added at the grid fre-
quency to the converter voltage, v −

Cαβ , in order to achieve the
compensating objective. An unbalance impedance model is used
to relate injections at both frequencies, provided that a linear
load is connected to the PCC. The unbalance impedance model
shown in Fig. 11, which relates the fundamental frequency to
the high-frequency compensation, can be obtained by calculat-
ing the differential admittance at the high frequency corrected
by the relationship between the magnitude of the ideal grid volt-
age (assumed here to be 1 p.u.) and the injected high-frequency
voltage. The relationship is given by

v−
cαβ

= ΔY hf
eq · Vg

Vc
· vhf

cαβ
. (25)

In Fig. 12 it is shown the schematic of the practical implementa-
tion of the high frequency signal injection within the converter
cascade control.

V. ZERO-SEQUENCE COMPENSATION

Zero-sequence currents arise in the LV distribution system
as a consequence of both unbalanced and nonlinear loads. The
local compensation of zero-sequence currents in order to avoid
their propagation upstream from the PCC is a desirable ancillary
service for power converters, though only four-wire topologies
are valid to comply with this function. This task can be easily
done by measuring the zero-sequence current at the grid side
and implementing a closed-loop strategy for compensating it.
Unfortunately, this requires not only an additional sensor, but
also the connection or communication between distant points. A
theoretical alternative comes from the compensation of the zero-
sequence voltage at the PCC, which could be calculated from
the grid phase-voltage sensors of the VSC. However, the use of
three voltage sensors ranged at full scale to measure the volt-
ages at the PCC makes it difficult to provide a suitable resolution
in the calculation of this value, and it can be even impossible
in the interconnection to strong power systems. The arrange-
ment proposed in Fig. 13 for a four-leg topology is used in this
paper to solve this adversity. Two full-scale sensors are com-
bined with a third one, ranged at a much lower scale. The latter

Fig. 13. Zero-sequence voltage compensation. The proposed sensor arrange-
ment for the measurement of the zero-sequence component.

Fig. 14. Zero-sequence voltage compensation. Control loop modeling based
on the use of an RC.

sensor is devoted to measure the zero-sequence voltage com-
ponent directly, by connecting it between the grounded neutral
point of the installation and the artificial neutral point of a three-
phase balanced high-impedance load, intentionally located at the
PCC. The analytical expression for the zero-sequence voltage is
given by

vNn =
1
3

(va + vb + vc) = v0. (26)

After applying a second-order low-pass filter to remove
the high-frequency components of vN n, a simple resonant
controller could be used to cancel the fundamental frequency
zero-sequence component seen from the grid side. Nevertheless,
an RC was selected for this application in order to also remove
other zero-sequence frequencies. This is of special interest in this
type of installations, in which the massive use of single-phase
nonlinear loads can cause a significant flow of triplen current
harmonics. Fig. 14 shows the control loop, which cancels the
zero-sequence components by adding the proper signal to the
modulation of the neutral leg of the converter. Note that, although
the total modulation of this leg contains other zero-sequence
components to counteract the effect of the traditional zero-
sequence injection in the other legs, only the added output of the
RC appears in vCn. In Fig. 15, the proper compensation of the
zero-sequence component is demonstrated. The neutral current
at the load (inload ) is presented in Fig. 15(a). As can be seen, two
single-phase loads are connected to phase a at time 0.05 s, and
one of them is disconnected at time 0.2 s to test transient perfor-
mance. The application of the RC proposed in this paper together
with the special arrangement of voltage sensors leads to a fast
compensation of grid neutral current (ingrid ) in Fig. 15(c) by the
converter (inconv ), which starts the injection at 0.1 s.
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Fig. 15. Simulation results. Zero-sequence compensation. (a) Neutral current
at the load (inload ). (b) Current at the converter neutral leg (inconv ). (c) Neutral
current at the grid side (ingrid ).

VI. CONCLUSION

In this paper, a method for measuring and compensating
unbalance currents for four-wire three-phase converters is
presented. An HFS injection is used for the negative-sequence
component and an RC for zero-sequence components. Both
strategies allow a sensorless high-resolution alternative for
unbalance compensation. A model considering unbalance loads
and voltages has been developed. This model allows us to esti-
mate the negative-sequence currents generated by the unbalance
loads, as well as by the cross-coupling terms. From the general
model, a high-frequency model that shows the resulting high-
frequency current in the presence of unbalance conditions has
been obtained.
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Abstract—This contribution explores the possibility of improv-
ing the global efficiency of three-phase inverter-based distributed
resources (DR) embedded in low-voltage distribution feeders, by
the adaptation of their switching frequency (SF) to the operation
point of both the converter and local loads. The core of this pro-
posal lies on the fact that in a good number of applications, in
both service and residential sectors, the owner of the DR is also in
charge of the losses caused in the local electric power system. This
fact leaves room for a global optimization of the power losses, i.e.,
converter losses will be considered together with those losses caused
by the current harmonics injected into the local grid. A dynamic
adaptive SF frame of the DR is considered in this proposal to allow
its operation beyond its rated frequency at light loads, subjected to
the thermal constraints of the device. Simulation results obtained
using PLECS software as well as an experimental validation of the
method are included.

Index Terms—Distributed resources (DR), efficiency, power
losses, variable switching frequency (SF), voltage source converters
(VSCs).

I. INTRODUCTION

THE SOARING use of inverters in distributed generation
and energy storage applications has increased the attention

paid to the efficiency of these devices in recent years. The effi-
ciency of power converters interconnected to the energy power
system (EPS) is influenced by regulations, such as [1], which
states limits for the harmonic current injection of these devices
at the point of common coupling (PCC). In prevailing applica-
tions, such as solar and wind, power converters operate rarely
at rated values, being the efficiency at light loads a source of
great concern [2], [3]. According to [4], the tests to comply
with [1], takes only into account the first 40 harmonics. This

Manuscript received October 30, 2017; revised March 14, 2018; accepted
May 9, 2018. Date of publication May 14, 2018; date of current version Septem-
ber 17, 2018. Paper 2017-IPCC-1126.R1, presented at the 2016 IEEE Energy
Conversion Congress and Exposition, Milwaukee, WI, USA, Sep. 18–22, and
approved for publication in the IEEE TRANSACTIONS ON INDUSTRY APPLI-
CATIONS by the Industrial Power Converter Committee of the IEEE Industry
Applications Society. This work was supported in part by the Spanish Govern-
ment Innovation Development and Research Office (MEC) under research Grant
ENE2014-52272-R, Grant ENE2016-77919-R, and Grant DPI2017-89186-R;
and in part by the Predoctoral Grant ID BP14-135 under the program Severo
Ochoa for the formation in research and university teaching of Principado de
Asturias PCTI-FICYT. (Corresponding author: Jose M. Cano.)

The authors are with the Department of Electrical Engineering, University
of Oviedo, Gijón 30204, Spain (e-mail:, jmcano@uniovi.es; navarroangel@
uniovi.es; suarezandres@uniovi.es; garciafpablo@uniovi.es).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2018.2836365

allows using relatively low switching frequencies (SFs), typi-
cally higher than 3 kHz, since the high-frequency harmonics
induced by pulsewidth modulation (PWM) will be in this case
over the stated limit.

The efficiency of the inverter as a separate unit is the only
concern of the owner of the distributed resource (DR) when he
is not responsible for the losses upstream. In this case, once ver-
ified that the selected SF complies with the harmonic emission
limits, it can be maintained constant at any operating condition.
In most cases, increasing the SF reduces the efficiency of the
device due to the rise of the converter switching losses, while de-
creasing this parameter could make the device not conform with
[4]. Notice that the tests must be conducted not just at 100% but
also at 66% and 33% of the output rated current. Most of the ef-
forts carried out in recent years by power electronics researchers
in the quest for higher efficiency applications are founded on
this concept that treats the DR as a separate unit. Thus, a good
number of studies propose alternative power topologies for the
grid-tie inverter or for the internal dc–dc stages of the DR, as a
way of obtaining improved efficiency [5]–[7]. Other authors fo-
cus their approach in advance modulation schemes [8]–[10] or
new power electronic devices [11], [12]. The improvement of the
DR efficiency by optimizing the interaction between the grid-tie
converter and the generation/storage stage is also a widely used
approach, e.g., maximum power point tracking methods in wind
turbines and photovoltaic (PV) solar systems [13], [14].

In a good number of common applications used in residential
buildings and connected to the low-voltage (LV) grid, the owner
of the DR is also responsible for the local losses caused by the
inverter current harmonics both in line and local loads, up to
the metering location at the distribution transformer (either on
the LV or medium voltage (MV) side). In assessing the effi-
ciency of the DR in this scenario, the inverter losses should be
taken into account together with the distortion losses caused in
the local grid [15]. The increasing penetration of DRs has driven
power system researchers to deal with efficiency issues in their
interconnection to the power grid. Thus, numerous studies can
be found with the aim of optimizing the dispatch of these re-
sources in the search of a coordinated behavior [16]–[19], and
with the objective of optimizing their location in order to mini-
mize power losses [20], [21]. However, the location of LV DRs is
mostly driven by decentralized initiatives, so the assumption of
a given site has to be considered in most of the scenarios. In the
optimal dispatch approach, convenient active and reactive com-
mands are provided to DRs based on a coordinated operation,

0093-9994 © 2018 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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but harmonic losses and, even less, internal operational features
of the converters, such as the SF, are totally neglected. In this pa-
per, the optimization of the efficiency of the DR within the local
EPS, based on the adaptation of the SF used in the modulation
scheme of the grid-tie converter, is analyzed. This is proposed
as a convenient approach for LV applications in which the large
impedance of the transformer at high frequencies allows to as-
sume that most of the power losses are under the responsibility
of the DR owner. This new approach has the potential to exist
together with high-level controllers at the system level, or to be
applied to standard converters just relying on local intelligence.
Even if by design, a thermal constraint in the increment of the
SF at rated power is likely to exist, the possibility of operating
the device at higher frequencies when working at light loads is
still there. Increasing the SF rises the converter switching losses
but reduces the distortion losses in the local grid at the same
time. This fact, together with the great advances carried out in
recent years in the field of grid impedance estimation techniques
[22]–[27], opens the door for a dynamic optimization of the SF
capable of achieving an improved overall efficiency.

In Section II, a study of the effect of the SF on the harmonic
emission in three-phase voltage source converters (VSCs) is
carried out. Two-level inverters with first-order inductive filters
are considered, as one of the preferred technologies in LV appli-
cations. The evaluation of inverter losses, considering thermal
constraints, is presented in Section III. Section IV deals with
the estimation of the distortion losses caused by the inverter in
the local grid. The proposed method for the online optimization
of the SF is described in Section V. Section VI presents a case
study to demonstrate the validity of the proposal and experi-
mental results are given in Section VII. Finally, the conclusions
of the study are drawn in Section VIII.

II. SF AND CURRENT HARMONICS

As a general rule, increasing the SF leads to a displacement
of the harmonic spectrum of the voltage at the converter termi-
nals to a higher frequency range. Consequently, the inductive
behavior of the filter and grid upstream yields to a reduction
in the induced current harmonics due to the higher impedance
of these inductances at the new frequencies. However, it is im-
portant to note that the dead-time of the IGBTs limits the validity
of the said statement, leading to the emergence of low-frequency
harmonics (mainly 5th and 7th order) [28], [29] with a growing
impact at higher SFs. Nevertheless, this effect can be mitigated
by current regulators, whose bandwidth use to fall within these
values. Fig. 1 shows the current distortion of an inverter given
by the parameters shown in Table I as a function of the SF.
According to the standard, [1], this value has been reported as
the total rated-current distortion (TRD), where

TRD =

√∑
I2
i

In
(1)

which can be defined as the total root sum square of the current
harmonics injected by the DR unit Ii , divided by the rated current
capacity of that unit, In . In Fig. 1, the TRD has been split in
two terms, TRDlf and TRDhf using the 40th harmonic included

Fig. 1. Current TRD as a function of the SF for different frequency bands.
Effect of the dead-time in low-frequency harmonics.

TABLE I
CONVERTER PARAMETERS

in [4] as a limit between low and high frequencies. Thus, those
parameters can be related as

TRD =
√

TRD2
lf + TRD2

hf (2)

which allows us to show the different behavior of the theoretical
PWM harmonics and the nonidealities induced by the dead-time.
As it is shown in Fig. 1, the effect of the dead-time reaches such
an importance in TRD that increasing the SF over a certain limit
becomes counterproductive. The use of dead-time compensation
techniques [30], [31] could potentially raise this limit. It is also
interesting to point out that the results shown in Fig. 1 are
independent of the load of the converter, as only the fundamental
component varies on a significant scale with the SF. On the
contrary, and especially in weak grids, the values shown in this
graph can be affected to some extent by the impedance of the
system upstream from the converter terminals, which is referred
to as system impedance throughout this paper. This suggests
that an online measurement of harmonic distortion will provide
better results than a theoretical estimation. Nonetheless, the
simplicity of this estimation can be valuable in most cases.

III. CONVERTER LOSSES AND THERMAL LIMITS

Converter losses, PVSC, are mainly determined by switching
losses, Psw , and conduction losses, Pcd [11], [32], [33]. Other
issues should be considered when assessing the efficiency of



F.2 Variable Switching Frequency Control of Distributed Resources for Improved
System Efficiency 217

4614 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 54, NO. 5, SEPTEMBER/OCTOBER 2018

Fig. 2. Converter switching and conduction losses as a function of the SF.

Fig. 3. Thermal constraints for variable SF operation.

these devices, such as cooling power; however, as they are not
normally affected by the SF, they will not be considered in this
paper. Switching losses are strongly influenced by the SF, fsw ,
as well as by the load level of the converter c, defined as the ratio
between the actual and rated current. Even if the power factor
of the converter also affects this parameter due to variations in
the commutation phenomenon, this effect is hardly noticeable
and can be neglected with little error for the aim of this study.
As increasing the SF results in a proportional rise of switching
events, the relationship between the SF and switching losses is
almost lineal. Conduction losses, for its part, are mainly affected
by the load of the converter, and in a more subtle way, by the
SF due to the increased current distortion that arises at lower
frequencies. Taking these facts into consideration, an approach
to the converter losses, with c and fsw as parameters, can be
obtained by using

PVSC(c, fsw ) = Psw (c, fsw ) + Pcd(c, fsw ). (3)

The assessment of the aforementioned power losses for the
specific IGBT power modules mounted in the converter used for
the experimental validation included in Section VII is shown in
Fig. 2. To obtain the graph, a PLECS model of the converter
was implemented [34]. This model includes the thermal perfor-
mance of the IGBT power modules, which allows to depict the
operational constraints of the converter in terms of SF. Thus,
the imperative derating of the device is shown in Fig. 3. This
figure was calculated for each SF by assessing the load level
of the converter at which the junction temperature of the solid

Fig. 4. Local EPS with embedded DRs.

state devices equals the temperature reached at rated values.
The inclusion of these data in a two-dimensional (2-D) look-up
table (LUT), together with the use of interpolation, is enough to
obtain a good estimation of converter losses as a function of c
and fsw in the optimization scheme proposed in this paper. The
exploitation of this table for control purposes by operating the
converter at variable SF is analyzed in Section V. In any case,
it is clear from Fig. 3 that, if the SF command f ∗

sw lies on the
forbidden area of the graph, it has to be reduced to the nearest
feasible value, f ∗∗

sw .

IV. DISTORTION LOSSES IN THE LOCAL GRID

Even if limited by regulations, the injection of current har-
monics into the distribution grid can cause significant power
losses that are classified in the following two categories: First,
copper losses in the distribution line and distribution trans-
former, and second, power losses in local loads. Notice that
additional losses could exist upstream from the distribution
transformer that are not on the local EPS owner’s responsi-
bility. However, this term can be neglected, not only because of
the low value of the resistive contribution from the MV level
when compared with the LV side, but also because of the low
capability of high-order current harmonics to travel deep into
the EPS. Fig. 4 shows a layout of the benchmark system con-
sidered in this paper. The local EPS, with embedded DRs, is
connected to the area EPS through a distribution transformer,
being the metering devices connected either in the MV or LV
side according to the ownership of this piece of equipment.
Both the DRs and the local loads are connected to the distribu-
tion line. Those local loads located close to the power converters
are more prone to suffer from distortion losses. In Fig. 4, a local
load is connected directly to the DR point of coupling (PC) to
highlight this phenomenon. The effect of the distortion power
in local loads is different according to the type of device (mo-
tor, lighting, heating, etc.) and its nature (linear/nonlinear). In
any case, distortion power can be, as a general rule, considered
undesirable [35]. Different types of penalization criteria could
be considered in order to take into account the harmful effects
of higher levels of injected current distortion in particular loads,
e.g., cost associated to the loss of life. However, in this paper,
only the cost associated with the power transmitted at the non-
fundamental frequency is taken into account. A pure resistive
load is considered in this paper as the easiest way to underline
the benefits of the proposal.

A precise calculation of the power transmitted by the con-
verter at harmonic frequencies can be done by assessing the
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Fig. 5. Estimation of the resistive component of system impedance at the PC
as a function of frequency.

TABLE II
INSTALLATION PARAMETERS

expression

Plosses = Re

{
N∑

i=2

vPC i · i∗conv i

}
(4)

where iconv i and vPC i are the power invariant space vector
harmonic components of the converter current and voltage at its
PC, obtained by applying the direct Fourier transform (DFT).
For the practical implementation of (4), natural sampling of
voltages and currents at SF is not enough due to Nyquist limit,
but oversampling can help in complying with these require-
ments. In any case, other simplified methods, such as Goertzel
algorithm [36], are better suited for online applications [37],
[38]. In this numerically efficient method, just a selected set of
harmonics are identified, which can be enough to calculate the
resistive component of system impedance, Req , at the most rel-
evant bands of the spectrum. This reduced set of values can be
used, together with the expected injection of current harmonics
given in Fig. 1, to formulate a good estimation of the afore-
mentioned power losses. Fig. 5 shows the value of Req for the
installation depicted in Fig. 4 considering the parameters shown
in Table II. The identification of just three impedance values,
one at the low-frequency range (5th or 7th) and two at the two
lowest PWM frequency bands (e.g., fsw − 2fm and 2fsw − fm ,
fm being the modulation frequency), can be enough to estimate
distortion losses by using

Plosses ≈ 3I2
n ·

(
R5fm

eq · TRD2
lf + Rfs w −2fm

eq · TRD2
hf1

+ R2fs w −fm
eq · TRD2

hf2

)
. (5)

Fig. 6. Effect of the power demand of local loads in harmonic power losses.
(a) Resistive component for the frequencies of interest (fsw = 10 kHz, fm =
50 Hz). (b) Harmonic power losses.

Notice that with this aim, TRDhf has been segregated in two
components: TRDhf1 , for the harmonic band around the SF and
TRDhf2 , for the rest of higher frequency values. The specific
contribution of each of these components can be observed in
Fig. 1.

It is important to highlight that the effect of a variation in the
power demand, P , of the loads connected to the local EPS, on
the harmonic power losses at the line and local loads, Plosses,
is not obvious. As a consequence, neither is the effect of this
variation on the resulting optimum SF. The value of the resistive
components of system impedance for the benchmark system
shown in Fig. 4 are the result of the parallel equivalent repre-
sented by the RL branch of the line and transformer and the
resistive branch represented by the local loads. For the data
shown in Table II, the value of these resistive components for
the frequencies of interest is depicted in Fig. 6 as a function of
P . At low power demand levels, the connection of new loads
increases harmonic power losses. On the contrary, beyond a cer-
tain power demand, 4.47 kW in the present case, the connection
of new loads decreases the resistive value of system impedance,
and thus, harmonic power losses. For this reason, if the DR is
working at a fixed load level, c, with a low power demand of
local loads, the connection of new loads drives the optimum SF
to higher values in search for a lower level of harmonic losses.
Conversely, up from the stated power demand value, the con-
nection of new loads leads to a reduction of the optimum SF
value, as higher harmonic losses can be admitted in the search
for a global optimum.

V. ONLINE OPTIMIZATION OF THE SF

The fundamentals of the online optimization of the SF pro-
posed in this paper are schematically summarized in Fig. 7. The
inputs for the algorithm are as follows: first, the space vector of
the converter current, which is already available as calculated
from current samples for the operation of its inner controller,
and second, the resistive component of system impedance for
the different frequency bands considered in Section IV. The ap-
plication of a set of LUTs together with a SF sweep allows the
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Fig. 7. Online method for the optimization of the SF.

online calculation of a curve, relating the losses at the local EPS,
PLocal EPS , with the SF, fsw , for the present operating point. With
this aim, the converter losses, PVSC, are obtained from a 2-D-
LUT built by adding the conduction and switching losses of the
specific converter according to (3). A set of three 1-D-LUTs,
built from the distortion data depicted in Fig. 1, provides the
TRD of the converter at the different frequency bands for each
SF used in the sweep. From these results, the losses at the line
and local loads, Plosses, are obtained by using (5). The addition
of both converter losses and line and local load losses at each
SF leads to the desired curve. Then, the minimum of this curve
is identified, which gives the optimum losses at the local EPS
and, even more important, the optimum SF for the current oper-
ating point. Notice that the bandwidth of the SF command, f ∗

sw ,
must be much lower than the one used in the inner controllers of
the inverter not to interfere with its dynamic performance. As a
consequence, a low update rate of this command is acceptable
and the required computational burden can be assumed by the
controller without a significant effort either in a synchronous or
asynchronous scheme. In order to avoid the effect of noise in
the sampled parameters, as well as steep frequency variations
due to sudden changes in the inverter load level or in the sys-
tem impedance—due to the connection/disconnection of local
loads, a first-order low-pass (FLP) filter is used to smooth the
frequency command.

Although not depicted in Fig. 7 for the sake of clarity, the
frequency command, f ∗

sw , should pass a final limitation stage
in order to make the control compatible with the thermal con-
straints shown in Fig. 3. As already stated in Section III, if the
pair (f ∗

sw , c) lies in the forbidden area of this graph, the SF
command is reduced to the maximum SF compatible with the
present converter load level, f ∗∗

sw .

VI. CASE STUDY

In this section, a case study is used to illustrate the advantages
of using an overall efficiency optimization of the DR within its
local EPS. With this aim, the LV distribution feeder and the
distributed generator (DG) depicted in Fig. 4 are considered. The
parameters of the grid infrastructure are shown in Table II while
those from the inverter-based DG are given in Table I (except
for the system impedance, that for this case study is derived
from Table II). Fig. 8 shows the total losses in the local EPS,
together with its different components, i.e., converter losses and

Fig. 8. Local EPS losses as a function of SF – c = 20%.

Fig. 9. Optimum trajectory of the SF as a function of converter load.

grid and local loads losses for a DR working at 20% of its
rated power with unity power factor. It is concluded from this
drawing that increasing the SF from the design parameter, 3 to
9 kHz, reduces the local EPS losses in a 44.6%, and improves
the overall efficiency at this load level (i.e., the ratio between
the local EPS losses and the power delivered by the converter)
in 1.20%.

Fig. 9 expands the analysis to different load levels of the
DR. As it is depicted in this figure, connecting the values of
the minimum local EPS losses at each converter load level, c,
leads to the optimum trajectory of the inverter SF. Furthermore,
the thermal limit of the device is also given in Fig. 9. This
limit is established by calculating the maximum acceptable SF
at each load level, which is determined by the frequency that
leads to the design temperature (i.e., the one obtained at 3 kHz
and rated power). From the aforementioned graph, it can be
concluded that for the device under test, a variable SF mode
with optimization of losses is only feasible for loads lighter that
80% of rated power. Moreover, it is also observed that the benefit
of the proposal is much more relevant at light loads: e.g., the
saved power is higher at 20% than at 80% on both relative and
absolute terms (72 W versus 21 W and 1.20% versus 0.09%).

Fig. 10 shows simulation results of the application of the on-
line optimization method proposed in Section V to the present
case study. An update rate of 10 ms was used for the SF com-
mand and a bandwidth of 0.6 Hz was selected for the FLP filter.
The SF sweep included in the algorithm is conducted with a
resolution of 100 Hz in order to limit the computational burden.
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Fig. 10. Application of the optimization method to the proposed case study.
(a) Converter load profile. (b) System impedance. (c) SF command. (d) Power
savings.

As it is shown in Fig. 10(a), the converter load level is started at
c = 20% and increased to c = 80% after 2 s, always with unity
power factor. Moreover, the local loads stay at rated power ac-
cording to Table II and are reduced to 50% of this value, i.e.,
25 kW at 4 s. Fig. 10(b) shows the effect of the steep variation
on the resistive components of system impedance induced by
the local load reduction. After the load variation, slight modifi-
cations can be still observed on these values, which are caused
by the SF drift along the process, due to the influence of reactive
components on the resistive equivalent. The optimum SF value
obtained by the algorithm along with the final SF command, i.e.,
after the FLP, is depicted in Fig. 10(c). The converter is started
with a conservative SF value of 5 kHz and, from this instant, the
algorithm competently tracks the optimum SF increasing the ef-
ficiency of the installation. As predicted in Fig. 6, the reduction
of the power demand of local loads from 50 to 25 kW at 4 s
leads to a rise of the optimum SF. In Fig. 10(d), the optimum
and real power savings, compared to a traditional operation of
the DR at constant SF, are depicted. As expected, greater power
savings are obtained with the converter working at light loads
as well as with an increased value of the resistive component of
system impedance.

VII. EXPERIMENTAL RESULTS

Two sets of experimental tests were carried out in this paper:
the first one is aimed to prove the power saving potential of the
stated proposal, and the second, to demonstrate the validity of
the online SF optimization method described in Section V.

A. Test 1

The test setup used in this case is shown in Fig. 11. A
four-quadrant grid simulator, TC.ACS by Regatron, is used to

Fig. 11. Test setup.

emulate the electric system, 400 V –50 Hz, and a 0.32 mH induc-
tor, L1, is used to emulate the LV line and transformer according
to Fig. 4. An almost purely resistive air-heating system with a
rated power of 9 kW is used to emulate the local loads accord-
ing to the figure. Finally, a custom-made three-phase two-level
VSC, with a rated power of 30 kVA and a design SF of 6 kHz,
is coupled to the grid through a 0.88 mH inductor, L2, to play
the role of the DR.

During this test the converter is operated in STATCOM mode
at a light load, 10 kVA (i.e., c = 33%), delivering reactive power
to the LV grid. Similar results are expected from other opera-
tion modes, due to the small influence of the power factor in
converter losses, as it was stated in Section II. The three-phase
voltages and currents at the PC of the DR, PC in Fig. 4, were
registered in steady state for different SFs within the range
6 –16 kHz. An offline handling of these measurements were
carried out to calculate their DFT, and subsequently, the losses
at harmonic frequencies at the line and local loads (i.e., those
caused by the air-heating system and parasitic resistance of L1)
were calculated by the application of (4). For the particular case
of the STATCOM operation mode, including the term at the fun-
damental frequency in (4) leads directly to the converter losses,
so finally, the losses at the local EPS can be computed in a
simple way as

PLocal EPS = Re

{
N∑

i=2

vPC i · i∗conv i

}

− Re

{
N∑

i=1

vPC i · i∗conv i

}

= −Re {vPC 1 · i∗conv 1} . (6)

Notice that this is just a particular result valid only for
STATCOM operation mode. As stated in Section III, in a more
general scheme in which the DR participates in the active power
flow (inverter/rectifier mode), a LUT, with and estimation of
converter losses as a function of the SF and the converter load
level, ought to be used.

The results of the test are presented in Table III and Fig. 12.
Thus, the spectra of the power invariant space vectors of volt-
age and current, at the PC of the DR, are shown in Fig. 12 for
selected key SFs, such as 8, 12, and 16 kHz. Both the positive
and negative sequence components are displayed in this image.
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TABLE III
EXPERIMENTAL RESULTS – c = 33%

Fig. 12. Spectrum of signals measured at the PC for different SFs. (a), (b),
and (c): Voltage space vector for 8, 12, and 16 kHz, respectively. (d), (e), and
(f): Current space vector for 8, 12, and 16 kHz, respectively. Note: Fundamental
components are truncated for the sake of clarity.

The most significant harmonics, located in bands around one
and two times fsw , are shifted to higher frequencies as the SF
increases. Also, a clear reduction in the injection of harmonic
currents can be observed at higher SFs. In Table III, the com-
puted values for converter losses, line and load losses, and local
EPS losses for each of the analyzed SFs are displayed, together
with the resulting power savings. Specifically, harmonic power
losses at the line and loads are calculated by using (4), while
the application of (6) allows the computation of the local EPS
losses. Both equations take the voltage and current harmonics
of Fig. 12 as an input. Finally, the difference between the re-
sults from (6) and (4) gives the value of converter losses. As
expected, an optimum SF is obtained, capable of achieving the
minimization of system losses. As it is highlighted in Table III,
the operation at 12 kHz reduces the overall system losses in
87.5 W when compared with the operation at the design value.
This means a reduction of around 8.4% of the losses at this op-
eration point (c = 33%), and thus, an improvement of the local
EPS efficiency, which increases from 89.65% to 90.52%.

B. Test 2

Slight changes are introduced in the test setup for this case.
The 30 kVA converter is now operated in inverter mode to
effectively replicate the performance of a DR. With this aim, the

Fig. 13. Online SF optimization test. (a) Converter ac current—phase a.
(b) Converter SF. (c) Power supplied by the Li-Ion battery—dc–dc converter
output side. (d) Power supplied to the grid. (e) Converter losses.

dc bus of the converter is fed from the Li-Ion battery shown in
Fig. 11 through a dc–dc stage. Furthermore, the converter is now
coupled to the utility grid, 400 V –50 Hz, through a dedicated
distribution line and transformer according to the values shown
in Table II. Three separate air-heating systems, each with a
rated power of 9 kW, are used to emulate the local loads. The
connection/disconnection of these systems allows to test the
effect of a sudden change in system impedance.

The custom-made converter is operated through a controller
using a TI C2000 Delfino TMS320F28335 MCU. The algorithm
described in Section V was included in the firmware with the
LUT system embedded in nonvolatile RAM memory. Moreover,
a variable SF inner current controller for the converter was
specifically designed for this test, including an adaptive tuning
of the associated regulators.

During the test, the dc–dc converter is commanded with dif-
ferent power steps, as shown in Fig. 13(d), while the VSC fixes
a constant dc-bus voltage value of 800 V and a constant power
factor of 0.6. The test is started at a light load, 7.5 kVA (i.e.,
c = 25%), thus delivering 4.5 kW to the grid, while two of the
9-kW air-heating devices stay connected to emulate the local
loads. After 2 s, the converter load level increases to 12 kVA
(i.e., c = 40%) and then to 27 kVA (i.e., c = 90%) at time 4 s, so
that up to 16.2 kW are injected into the local grid. Fig. 13 shows
the phase current of the VSC during these variations together
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with the performance of the SF in reaction to those load step
changes. Finally, at time 6 s, one air-heating system is added to
the two devices already connected to the local grid, thus shifting
the local demand from 18 to 27 kW. As predicted in Fig. 6, the
consequent change in system impedance at the converter PC
causes a reduction of harmonic power losses that leads to a fall
in the optimum value of the SF.

Fig. 13 shows the measurements of the power supplied by the
Li-Ion battery along the test, together with the power supplied by
the VSC to the local grid. Thus, in Fig. 13(e), the VSC losses are
obtained. The value of line and local load losses are calculated
from voltage and current measurements for each step (consider-
ing steady state intervals) through fast Fourier transform anal-
ysis, being 92.5, 137.6, 192.0, and 180.6 W, respectively. As
expected, during the first three steps, the decreasing SFs lead to
increasing line and local load losses. In the fourth step, even if
the SF is further reduced, the decline of the Thevenin impedance
of the system at the converter PC, due to the connection of a
new load, overcomes this effect.

A comparison of the losses at the first step of the test, i.e.,
the one conducted with a lighter load, c = 25%, with those
obtained for the same conditions in a fix SF scheme of 6 kHz,
reveals that up to 132 W can be saved using the proposed
operating mode. This means increasing the efficiency in 1.7%
at the present operating point and in 0.4% if referred to the
rated power of the converter.

VIII. CONCLUSION

This paper presents an operation strategy for DRs based on
the use of an adaptive SF framework in the grid-tie converter
with the aim of achieving an overall improvement of the effi-
ciency within the local EPS. The contribution demonstrates the
interest of considering the converter losses together with the
induced harmonic losses in the local line and loads when
the ownership/operation of both assets is held by the same en-
tity. The proposed method can be applied to DRs relying only
on local intelligence but also to those in charge of system-level
controllers. The thermal limits of the power modules used in the
inverter are taken as a constraint in order to assure a safe oper-
ation of the device beyond its design SF when working at light
loads. A LUT-based system, valid for an online implementation,
was designed to provide the DR with a smart regulation of its
SF. The results demonstrate that an improvement of the overall
efficiency of the system at light converter loads by about 1% is
readily achieved with the proposed method. This improvement
is especially important for applications in which the grid-tie
converter works often under rated power. This is the usual case
of widespread technologies, such as PV systems and small wind
turbines.
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Abstract—This paper addresses the estimation of the grid
impedance under unbalanced conditions in AC Grids with power
converter operating in parallel. A Pulsed Signal Injection (PSI)
approach is employed for online estimating the grid impedance
using an Recursive Least Square (RLS) algorithm. The method
proposes here extends previous works focused on the impedance
measurement and identification for pure passive grids. The most
important contribution of the proposal can thus be summarized
as the presentation of an online impedance technique suitable
to be used in distribution grids having other power converters
connected near the Point of Common Coupling (PCC). The
proposal is valid both for balanced and unbalanced conditions.

I. INTRODUCTION

Interfacing Voltage Source Converters (VSC) with the AC
grid requires a very precise design of the current controller in
order to fulfill the currents requirements of the grid. For this
reason it is critical to have a deep knowledge of the dynamic
model between the converter output voltage and the resulting
grid current. The dynamics of this model are affected by the
filter topology, i.e. L, LC, LCL, and the disturbance decoupling
capability depending on the number and the position of the
voltage and current sensors [1], [2].

There are multitude methods for grid impedance estimation,
an initial classification may be according the ones that require
additional dedicated hardware to perform the estimation and
the ones that not. In first group [3], [4] use signal injection and
frequency based techniques to estimate the impedance over
a wide frequency range. Regarding the second group, impe-
dance estimation could be implemented using two different
approaches:

• Model-based techniques, where the transfer function
between the voltage and the current is used for the
estimation. Examples of these techniques are present in
the literature, i.e. the use of the LCL filter resonance
proposed in [5] for grid estimation. However the presence
of two resonant frequencies when reactive power passive

The present work has been partially supported by the predoctoral grants
program Severo Ochoa for the formation in research and university teaching
of Principado de Asturias PCTI-FICYT under the grant ID BP14-135. This
work also was supported in part by the Research, Technological Development
and Innovation Program Oriented to the Society Challenges of the Spanish
Ministry of Economy and Competitiveness under grant ENE2016-77919-R,
ENE2014-52272-R, by the European Union through ERFD Structural Funds
(FEDER) and by the government of Principality of Asturias, under IDEPA
grant 2017 Thyssen SV-PA-17-RIS3-3.

is added at the PCC is the main limitation of this
strategy. In [6] a experimentally supported method is
proposed for estimating the equivalent inductance and
resistance of the grid. It is based on the closed-loop
transient response, nonetheless this method does not
include the operation under unbalanced grid conditions
and does not show the response to sudden changes on the
grid impedance, which is critical for islanding detection.
The use of Kalman filters for grid estimation are other
solutions within this approach. In [7] grid impedance is
estimated based on the grid harmonics and the impedance
at different frequencies, this study is only supported
with simulations. In [8] a similar approach is presented;
the estimated coefficients are online updated using an
adaptive linear neuron (ADALINE) algorithm, this model
requires to measure grid current and voltages but it is
experimentally demonstrated under balanced conditions.
In [9], grid inductance is estimated using two consecutive
samples of the grid current within a switching period. The
estimation method is based on the discrete-time model
at the grid frequency and, as recognized by the authors,
the method is only valid for the inductive component.
Moreover, the operation is only demonstrated for two
different inductance values and unbalanced conditions are
not considered.

• Signal-injection based techniques use an additional
excitation for tracking the system response [10]–[17].
For the excitation signal, several approaches have been
proposed:

1) Pulsed Signal Injection (PSI) [3], [17]–[19]
2) High Frequency Signal Injection (HFSI) at constant

high frequency [12], [13], [20]–[22];
3) Current regulator reaction [13];
4) Low Frequency Signal Injection (LFSI) [14], [23],

[24];
5) Binary Sequence Signal Injection (BSSI) [15], [25],

[26].

For the PSI methods studied in literature, the results pre-
sented in [18] are closed to the ones presented in the present
work, but deeper focused on a pure inductive and a balanced
three phase impedance. Authors of [17] proposed a solution
able to estimate grid admitance considering also power con-
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verters connected in parallel, however the activation of the
pulse injection is not fully described and results were only
tested under real-time emulation by an OPAL-RT simulator.
Other approaches as [19] proposed a method with a larger
computational burden and memory requirements than the one
in the present work. Results in [3] are obtained under the ab-
sence of fundamental excitation. HFSI methods present some
issues regarding the selection of the frequency range, since it is
possible to produce a reaction in any other active power filter
(APF) connected to the same PCC, compensating the high
frequency and depreciating the estimation. Organizing LFSI
methods depending into those adding an additional excitation
signal at a given frequency and analyzing the response of
the grid at that frequency to obtain the impedance, it is
highlighted the results obtained in [11], [23], where it is
used a 75Hz current signal. The continuous injection of the
signal may produced distortion in the components and the
impedance is only estimated for the frequency of the signal
injected. It has also to be considered that this low-frequency
signal is suitable to be compensated by the own dynamic
response of the current regulators, reacting at that frequency
and compensating the disturbance signal, which reduces the
effectiveness of the method. On the other hand, considering
the LFSI methods that modifies the commands delivered by
the converter, a solution modifying the P and Q command
to analyze the response of the system and to estimate the
impedance is proposed in [24], however the results are not
validated under real situation neither unbalanced conditions
and present a drawback considering the coupling terms be-
tween the regular operational condition and the ones induced
to perform the estimation. Other approaches for estimation
based on frequency methods, such BSSI, which is based on
injecting a pulse-train of signals and analyzing the response
are also present in literature. This approach requires larger
processing time and computational burden than PSI methods
and they are not tested under unbalanced grid conditions.

This paper presents a strategy for grid estimation, based
on the PSI technique, considering a distribution grid with
parallel connected converters and operated under balanced
and unbalanced conditions. The proposed PSI method injects
a pulse at the zero crossing of each three phase voltages,
which reduce the THD of the system when compared to other
strategies, and the estimation is based on the performance of a
Recursive Least Square (RLS) algorithm. The proposed stra-
tegy is supported with experimental results. The purpose of the
study is to analyze the behavior of the grid impedance under
these conditions and evaluate how is affected by the operation
of additional converters connected to the same grid. The
study also addresses the behavior of the estimator under those
conditions. The contributions of this work can be summarized
as: 1) online identification of the grid impedance, including
unbalance conditions; 2) Definition of a model to evaluate the
grid impedance under balanced and unbalanced condition; 3)
identification and evaluation of the grid impedance estimation
with multiple converters connected to the same grid.

This paper is organized as follows. In Section II is presented

the impedance modeling technique, which highlight a coupling
between the impedance of the system and the sequences
generated under an unbalance in the system. Simulation and
also experimental results related to the impedance model
are included in this part. In Section III the PSI strategy is
presented. Section IV describes the algorithm of the RLS used
for the estimation, as well as the simulation results. Section
V presents the laboratory results obtained and finally Section
VI summarizes the conclusions of the work.

Impedance
Filter

Impedance
Filter

VSC 1

VSC 2

Impedance
Line

PCC PCC
VSC 2 VSC 1

VSC2 Resistive
Load

Fig. 1. Schematic of the considered system. Two power converters and
a resistive load are considered for the present work. VSC1 represents the
converter implementing the PSI method.

II. SYSTEM MODELING AND IMPEDANCE DEFINITION

The equations for the system presented in FIg.1 are suitable
to be defined both in stationary (α, β, 0) or synchronous
(d, q, 0) reference frame. For this work, α, β, 0 reference
was selected, following same procedure as stated in [27],
since it leads to a simpler formulation in the presence of
unbalances.The objective of this work is to define a model
suitable for the identification of the grid impedance. This
impedance contribution may be split into two parts; a first
one imposed by the cabling and the connection/disconnection
of passive loads and a second active part that is determined
by the operational mode of the power converters, including
harmonic generation or compensation.

A. Equivalent Impedance of Passive Loads

Voltage equation at the PCC, considering a RL filter for
interconnection between the grid and the converter, is defined
as

vαβ = Rαβiαβ + Lαβ
diαβ

dt
(1)

By considering the angle of the impedance as the angle for
the spatial orientation in the stationary reference frame, the
equivalent expression for the statical impedance as seen by
the converter may be defined as (2).

Zαβi = Rαβi + jωeLαβi =

(
Zααi Zαβi
Zαβi Zββi

)
(2)

Subscript i is related to each individual impedance seen
from the PCC. In case the impedance is balanced, diagonal
terms (Zααi and Zββi) are equal and cross-coupling between
phases, represented by non diagonal terms (Zαβi), are not
present. For the case of unbalance, expression (2) can be
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rotated to a common αβ reference frame, with n impedance
elements, leading to (3).

Zαβ0 =
n∑

i=1

[
ΣZi

(
1 0
0 1

)
+ ΔZi

(
cos θi

e − sin θi
e

− sin θi
e − cos θi

e

)

(3)

+ Zαβi

(
− sin θi

e cos θi
e

cos θi
e sin θi

e

)]

where ΣZi =
Zααi+Zββi

2 , ΔZi =
Zααi−Zββi

2 , and θi
e is

the spatial angular phase of the unbalance impedance. For a
balanced system, only the matrix terms depending on ΣZi

will remain. Relationship with phase impedances are: ΣZi =
zai+zbi+zci

3 , ΔZi = zai+a·zbi+a2·zci

3 , where a = ej2π/3.
Figure 2 shows the results of the variation in the equivalent

impedance of the system according to variation induced in
the load. Initially, for a voltage level of 400V , the equivalent
impedance of the system, ΣZ, is 18 Ω, for that case, the system
is balanced and consequently, only positive sequence current
is present on the system, with peak value of 22A, the rest
of the components are zero. At instant t = 0.125s, there is
a change in one of the impedance phases, increasing a 50%
its nominal value. As consequence of this unbalance in the
impedance, negative and homopolar current components are
flowing through the system. The value for the components of
the impedance are ΣZ = 21.48Ω and ΔZ = 2.791Ω, the
angle of the unbalance is reflected through θ with a value of
−8.5◦. In the next step of the simulation at t = 0.25s, the
impedance of the three phases are increased in 50% its value.
This change is produced at same time and magnitude in the
three phases, so that there is not unbalance, either negative
sequence components. For same reason, ΔZ component is
zero and the impedance variation is only affecting the ΣZ
component. In the last part of the simulation a change in
two phases is made simultaneously producing an equivalente
impedance of ΔZ = 5.2Ω and a ΣZ = 27Ω with an angle
for the unbalance of 150◦.

By considering the overall grid impedance dominated by
the resistance and inductance terms, it can be expressed as

ΣZi = ΣRi + jωeΣLi (4a)

ΔZi = ΔRi + jωeΔLi (4b)

Zαβi = Rαβi + jωeLαβi (4c)

where, ΣRi =
Rααi+Rββi

2 , and ΣLi =
Lααi+Lββi

2 , ΔRi =
Rααi−Rββi

2 , ΔLi =
Lααi−Lββi

2 . From here it can be obtained
a voltage expression (5),

vzeq
αβ = vg

αβ − vs
αβ = Rαβig

αβ + Lαβ

diαβ
g

dt
(5)

where vzeq
αβ is the voltage drop vector across the overall

equivalent impedance, vg
αβ and vs

αβ are the PCC voltage
and the grid voltage vectors (see Fig. 1), and ig

αβ is the grid
current vector. Lαβ and Rαβ are, respectively, the sum of
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Fig. 2. From top to bottom, 1) Positive Sequence of AC-Grid Voltage in the
αβ reference frame; 2) Positive Sequence of Current in the αβ reference
frame; 3) Negative Sequence of Current in the αβ reference frame; 4)
Homopolar Current; 5) Equivalent impedance of ΣZ according to expression
(3); 6) Angle of ΣZ; 7) ΔZ, Equivalent impedance of the system under an
unbalance situation; 8) θ, Angle of the unbalance

the inductance and resistance matrices for the different grid
impedances as expressed in (4c).

B. Equivalent Impedance of Active Loads

Impedance identification in those applications considering
power converters, Fig.1, requires considering the effect of the
converter operating point in the equivalent impedance. Power
converters, working as STATCOMs, behave as an active filter,
modifying their equivalent impedance to achieve the reactive
power requirements of the system. Consequently, it is need
to estimate an initial approach of the converter impedance
working under such operation. In Fig.1, VSC2 was connected
to the grid in STATCOM mode. The d component of the
control loop is dedicated to control the dc-link of the converter
and q component is devoted to inject different levels of
reactive current into the grid. Measuring voltage and current at
the converter PCC and implementing the modeling technique
previously described, it is possible to estimate an initial value
for the impedance of the converter. Figure 3 represents the real
impedance of VSC2 for a range of frequencies and current
injection from 6 to 11A. According the results, the whole
impedance value decreases proportionally to the current and
the frequency rise. The results of the same experiment are
presented in Fig. 4 in time domain and for the main frequency
of the grid. In this case, the inductance part of the impedance is
kept constant for same current level. Values of the impedance
are 50mH for the highest current of 11A and 70mH for
the lowest current at 6A. The resistive part varies much less
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according the currents, keeping constant at value of 1Ω for the
whole set of currents.

Since those currents are balanced, there is no presence of
negative or homopolar sequence components, so the results are
feasible to identify the ΣZ component from expression (3).
The rest of non-diagonal components are result of interaction
between non-positive sequence components in the system.
Theoretical relationship between sequences are illustrated in
Fig.5. As said above, under balanced situation, only ΣZ
is interacting at main frequency. Only under an unbalance
situation, ΔZ is contributing to the cross-term element.

According [27] and expanding (1) for every single impe-
dance in the system, it is possible to obtain a relation between
positive and negative sequence components and the system
impedance, as it states in (6)

iαβ = [Zαβ ]
−1 · vαβ (6)

= vαβ · 1

ΣZ2
i − ΔZ2

i

·
[(

ΣZi 0
0 ΣZi

)
+ ΔZi

(
− cos θi

e sin θi
e

sin θi
e cos θi

e

)]

=
ΣZi

ΣZ2
i − ΔZ2

i

· Vαβejωt − ΔZi

ΣZ2
i − ΔZ2

i

· Vαβe−(jωt+θ)
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Fig. 4. From top to bottom: 1) Equivalent impedance for the converter under
balanced situation at 50Hz; 2) Resistive part of the impedance at 50Hz; 3)
Inductance part of the impedance at 50Hz
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Fig. 5. Relationship between voltage and current, in frequency domain,
according expression of the equivalent impedance ΣZ and ΔZ.

Expanding the terms from (6), considering positive and nega-
tive sequence component, leads to equation (7)
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(−)
α
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(−)
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⎤
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⎤
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Considering the power expression depicted in (8), where the
constant value are terms associated to the positive sequence
and the other terms the interacting between different se-
quences.

[
p
q

]
=

[
v+

α · (i+α + i−α ) + v+
β · (i+β + i−β )

v+
β · (i+α + i−α ) − v+

α · (i+β + i−β )

]
(8)

=

[
P + P̃

Q + Q̃

]
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Combination of (7) and (8) allows to establish a relationship
between every term of the equivalent impedance and power.
Multiple combinations are possible, however for this work it
was only considered the case of negative sequence current,
resulting in (9)

⎡
⎢⎢⎣

P

P̃
Q

Q̃

⎤
⎥⎥⎦ =

1

ΣZ2
i − ΔZ2

i

·

⎡
⎢⎢⎣

ΣZα + ΣZβ

−ΔZα − ΔZβ

−ΣZα + ΣZβ

ΔZα − ΔZβ

⎤
⎥⎥⎦ ·

[
v+

α
2

v+
β

2

]

(9)

The term that relates every term in the graph To estimate those
components inside the system of Fig.1, the current control of
the converter was forced to inject harmonic components at
−50Hz. In this way it is possible to see a negative sequence
current flowing through the system. Figure 6 presents the
results of the negative sequence current injection. Voltage at
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Fig. 6. From top to bottom: 1) Grid voltage in αβ reference frame; 2)
Grid voltage in dq reference frame; 3) Positive sequence of converter current
in αβ reference frame; 4) Positive sequence of converter current in dq
reference frame; 5) Negative sequence of converter current in αβ reference
frame; 6) Negative sequence of converter current in dq reference frame;
7) ΣZ component of the equivalent converter impedance; 8) Angle of the
ΣZ component, expressed in degrees; 9)ΔZ component of the equivalent
converter impedance; 10) θ angle of the unbalance, expressed in degrees.

the grid was set to 200V , at instant 0.125s the converter
started to inject −7A of positive sequence current into the

system. That reaction is perceptible at the ΣZ component of
the impedance that is already set at value 30.23Ω with an angle
of 90◦, the rest of the components are kept to zero. At instant
1.25s, the negative component of the current is set to −9A. At
that instant the ΣZ decreases to 22.45Ω and ΔZ increases to
25.46Ω and the angle the unbalance, θ, is 76◦. In the next step
of the experiment, t = 2.25s, the positive sequence current
starts to inject 7A, ΣZ reaches the previous value of 30.23Ω
but its angle φ changes to −90◦; consequently, since there is
not any negative sequence component, ΔZ is zero. At instant
t = 3.25s, the negative sequence current is set to 9A. The
magnitude of ΔZ increases to the same previous value of
25.46Ω and same happened to angle that has changed the
direction and now it is −76◦.

III. PULSED SIGNAL INJECTION

According the injection parameters, there are multitude of
PSI strategies which can be implemented. The one selected
in this paper is implemented in the dq reference frame. The
signal is injected aligned with the zero crossing of the grid
voltage, detected by the PLL, in order to minimize the voltage
distortion, Fig. 7 shows a detailed view about the injection
mechanism.

pulse
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0

time(ms)
0 10 20

(V
)

-400

-200
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time(ms)
40
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PSI Injection [V]

60 80

Fig. 7. PSI Loop implementation. The pulse injection is synchronized with
respect to the grid voltage zero crossing and it is added in the q component.

The pulses are injected by modifying the duty cycle pro-
vided by the current controller. The pulse is added to the q
component of the fundamental voltage. The magnitude and
duration of the pulse may contribute to ease the detection of
the impedance but also might increase the current THD, for
this reason it is convenient to establish a trade-off between
duration and also magnitude. The values presented in Table I
have been used. Fig. 7 illustrates the strategy chosen for the
experimental analysis. It is important to highlight the fact that
since the pulse injection is simmetrical with respect to the zero
crossing , thus resulting in a zero average voltage error. During
the experimental analysis the injection was implemented in
the q component of the voltage, since the d component is
responsible to command the charge of the DC-Link.

IV. RLS ALGORITHM IMPLEMENTATION

In this paper, the estimation of the system parameters is
carried out by using an RLS approach [18], [28]. Starting from
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equation (5) and according [29], the discrete approximation
of the grid current in αβ reference frame, employing Tustin
method and a sample time Ts is

iαg [k]
= aα

1 · iαg [k−1]
+ aα

2 · iβg [k]
+ aα

3 · iβg [k−1]

+ bα
0

(
vα[k] + vα[k−1]

)
(10)

iβg [k]
= aβ

1 · iβg [k−1]
+ aβ

2 · iαg [k]
+ aβ

3 · iαg [k−1]

+ bβ
0

(
vβ [k] + vβ [k−1]

)
(11)

where

aα
1 =

2
Ts

Lαα − Rαα

2
Ts

Lαα + Rαα

, aα
2 = −

2
Ts

Lαβ + Rαβ

2
Ts

Lαα + Rαα

aα
3 =

2
Ts

Lαβ + Rαβ

2
Ts

Lαα + Rαα

, bα
0 =

1
2
Ts

Lαα + Rαα

aβ
1 =

2
Ts

Lββ − Rββ

2
Ts

Lββ + Rββ

, aβ
2 = −

2
Ts

Lαβ + Rαβ

2
Ts

Lββ + Rββ

aβ
3 =

2
Ts

Lαβ − Rαβ

2
Ts

Lββ + Rββ

, bβ
0 =

1
2
Ts

Lββ + Rββ

and vα, vβ represent the components of the difference between
the PCC and the grid voltages. From (10), (11) the values for
the resistance and inductance terms can be obtained as (12).

Rxx =
1 − ax

1

2bx
0

, Lxx =
Ts

4

1 + ax
1

bx
0

,

Rxy = −ax
2 + ax

3

2bx
0

, Lxy =
Ts

4

ax
3 − ax

2

bx
0

(12)

where x, y could be either α or β.
The RLS algorithm will allow to estimate the resistances

and inductances in (12) by determining the values of the
coefficients ax

i and bx
j . The difference between the measured

converter current, ixi [k], and the one calculated by the esti-
mator, îxi [k], leads to the error driving the RLS update. Since
it is assumed that the grid voltage is stiff enough, it is not
necessary to consider any effect due to the pulse injection, so
it is possible to decoupling the unknown grid voltage vαβ

s , by
only considering the current induced by the pulse injection.

The least squares problem is formulated as in [29], in
recursive form using the equations (13)-(16). The system equa-
tions are represented by defining the variables and coefficients
vectors, Xx

[k] , Wx
[k], as (17) and (18) respectively, where

superscript x could be either α or β. The estimated RLS
current, îxg [k]

, is determined by the product Wx
[k−1] · Xx

[k] in
(13). All the variables names are referred to those shown in
Fig. 1.

αx
[k] = ixg [k]

− Wx
[k−1] · Xx

[k] (13)

gx
[k] = Px

[k−1] · Xx
[k] ·

[
λ + Xx

[k]
T · Px

[k−1] · Xx
[k]

]−1

(14)

Px
[k] = λ−1 · Px

[k−1] − gx
[k] · Xx

[k]
T λ−1 · Px

[k−1] (15)

Wx
[k] = Wx

[k−1] +
(
αx

[k] · gx
[k]

)T

(16)

Fig. 8. Simulation results. Active (blue) and reactive (red) power in the VSC2
operated in STATCOM mode.

Xx
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[
ixg [k−1]

, iyg [k]
, iyg [k−1]

, vx
g [k]

, vx
g [k−1]

]T

(17)

Wx
[k] =

[
ax
1 [k], a

x
2 [k], a

x
3 [k], b

x
0 [k], b

x
0 [k]

]
(18)

where P(5×5) is the covariance matrix and it is initialized to
P = 0.01 ·I(5×5); g(5×1) is the adaptation gain, and λ = [0, 1]
is the forgetting factor, which need to be selected as a tradeoff
of the expected estimation bandwidth and the signal to noise
ratio. Values between 0.95 and 1 are often selected. For this
paper, the values shown in Table I have been used. After the
injection of a new pulse, the estimation of the W components
for both the α and the β components is updated and a new
estimation for Rαβ and Lαβ is obtained using (12).

The algorithm has been considered to be fast enough to be
implemented on medium performance digital signal controllers
as has been demonstrated in [29].

The simulation results for the impedance estimation using
the RLS algorithm under the setup in Fig. 1 are shown in Fig.
8 and 9. As shown, the individual components react to the
STATCOM commands as expected.

V. EXPERIMENTAL RESULTS

In order to prove the performance of the technique, three dif-
ferent experiments were carried out in the experimental setup
of Fig. 10. The converter was operated with the system shown
in Fig. 10 under different configurations: 1) Converter VSC 1
feeding a load, isolated from the grid. In this configuration,
the DC-side was kept constant at its nominal value of 750V
by an independent source. 2) Converter VSC 2 connected to
grid in STATCOM mode. DC-link is controlled by the d-axis
component whereas the pulses are injected at the q-axis. The
estimation for different impedances was also performed. 3)
Converter connected as the schematic presented in Fig. 1 with
converter VSC 2 injecting reactive current steps in the grid,
in order to evaluate the effect over the estimation technique.
Fig.11 shows the voltage and current waveforms of VSC1 with
the pulsed injection signal when both converters are connected
in parallel (configuration 3), and the current resulted from that
injection. For all the three cases the same load connected to
the PCC is used. Results are exposed in Fig. 12. All values
used are presented in Table I.

Figure 12 presents the results of the estimator under real
conditions. The left column shows the results for the first case,
where the VSC 1 was connected only to a 18Ω load. The
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Fig. 9. Simulation results. RLS Identified impedance components.

PCC 1

Load
PCC 2

Grid Inductance

AC - Grid

VSC 1

VSC 2

Fig. 10. Experimental setup according to the schematic shown in Fig. 1. At
the left side the AC Grid emulator is shown. Converters VSC1 and VSC2
are shown at the right. Two resistive loads are used for varying the estimated
impedance.

upper graph shows the α, β resistance and the down graph
the α, β inductance. During this experiment the impedance of
the system was kept constant. The second graph shows the
performance of the estimation method when its operated as a
grid-tied converter while keeping the same load. At t=1.1 s, the
load is changed inducing an unbalance condition in phase A
(18Ω –> 9Ω). The estimator is able to perceive the change and
is reflected in the resistance part, changing the resistance value

V
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Fig. 11. Voltage and Current Waveforms of converter VSC1 with the pulse
injection signal with both converters connected in parallel (configuration 3).

from 18 to 9Ω. In the third case, VSC 1 is connected in parallel
with VSC 2, including an impedance between both in order to
emulate the grid. VSC2 is injecting 2A reactive current steps
each two seconds. Current injection starts at 0.2 and at 0.9
seconds the same unbalance described for previous experiment
is applied. For this case, it is clear that the inductive component
of the impedance estimation is reacting to the changes.
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Fig. 12. Experimental Results obtained from the estimation of the αβ
components of the impedance. From top to bottom, 1) VSC 1 feeding an
isolated load; 2) VSC1 connected to a AC Grid emulator; 3) VSC1 and VSC
2 connected in parallel
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TABLE I
PARAMETERS

Nominal parameters Value
R1;R2 [Ω] 0.33
RLoad [Ω] 18
L1;L2[mH] 1.7
LGrid [mH] 0.879

pulse mag. [p.u] 0.1
pulse width. [ms] 2

λ 0.9/0.8

VI. CONCLUSIONS

This paper has proposed an online grid impedance estima-
tion technique based on a RLS estimator, able to perform
an accurate estimation under unbalanced conditions and with
other power converter operating in STATCOM mode con-
nected to the same grid. An analytical model for determine
the grid impedance both with passive and active loads has
been built. The model was used within the RLS algorithm
for the parameters estimation. The validity of the proposal
has been demonstrated with both simulation and preliminary
experimental results.
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Abstract—This paper describes a method to provide LV
four-wire three-phase power converters with the capability of
correcting unbalance as an ancillary service to the main role
that they play in the distribution system (distributed generator,
energy storage system, drive, etc). Typically, dedicated grid/load
current sensors are needed to effectively comply with unbalance
compensation tasks, increasing system cost and reducing relia-
bility. This is due to the difficulties that arises in the extraction
of the zero and negative voltage components from the voltages
at the PCC, such as the inadequate resolution of full-scaled
voltage sensors and limited spectral separation. In this paper, the
proposed compensation method does not rely on any more sensors
that those typically used in VSCs, and in any case, those sensors
are limited to the point of connection of the power converter.
High frequency signal injection is evaluated for the compensation.
For the zero sequence, an especial arrangement of the converter
voltage sensors together with a repetitive controller is used.

I. INTRODUCTION

The adoption of distributed generation has increased in
the last years due to both politics and economics regulations
[1], [2], emerging power electronics converters topologies
which allow to improve network quality and reliability [3]
and decrease in the costs for distributed generation. Power
converters have been employed at the transmission network
to improve power transmission capability, such as Static Syn-
chronous Compensator (STATCOM) [4], Static Synchronous
Series Compensator (SSSC) [5] and Unified Power Flow
Controller (UPFC) [4]. Similar topologies have been later
integrated at distribution levels i.e. Active Power Filters (APF)
[6]–[8], allowing the increase of the distributed generation
penetration and overcoming some problems related to the
decentralized generation approach.

Among the problems related to distributed generation
paradigm [9], [10], current and/or voltage unbalance or sag has
recently received much attention [11]–[13]. There are several
international standards which recommend maximum limits of
the voltage unbalance: ANSI Standard C81.1 requires to keep

The present work has been partially supported by the predoctoral grants
program Severo Ochoa for the formation in research and university teaching
of Principado de Asturias PCTI-FICYT under the grant ID BP14-135. This
work is also supported in part by the Research, Technological Development
and Innovation Program Oriented to the Society Challenges of the Spanish
Ministry of Economy and Competitiveness under grants ENE2013-44245-R
and ENE2016-77919-R and by the European Union through ERFD Structural
Funds (FEDER).

it within 3% [14], International Electrotechnical Commission
(IEC) and the Comite Europeen de Normalisation Electrotech-
nique (CENELEC) recommends the limit of 2% [15], [16].

Unbalance compensation can be achieved by shunt, series,
or series/shunt combination of the power converter [17].
Among the three structures, series/shunt allows for an optimal
[18] sharing of the voltage/current compensation. However,
it requires a dedicated converter for the compensation prob-
lem. Solely shunt converter compensation can lead to high
compensation currents through the converters, reducing the
active/reactive power supply capability, and thus some sharing
mechanism among the APF is needed [12]. Sharing of unbal-
ance can be done either by exchanging information among the
microgrid converters or by an autonomous method which is
implemented in the form of a droop control [12], [13].

Measurement of the unbalanced components, negative and
zero sequence voltages and currents, is a challenging task. By
one side, use of the negative and zero sequence voltages at the
PCC is affected by the ration between the grid impedance and
the load to be compensated. By the other, use of negative and
zero sequence currents needs for additional current sensors to
be placed either at the load or at the grid side. At this paper, it
is proposed to overcome these limitations by a combination of
novel techniques. Negative sequence will be measured from
the converter current sensors and by adding an additional
excitation high-frequency signal over the voltage command.
This high-frequency signal will interact with the unbalance
load, creating a high-frequency negative current that will be
used for the compensation. Zero sequence voltage will be
measured by using a dedicated voltage sensor, fully scaled
to this signal. This will allow to increase the resolution while,
in conjunction with another two phase-neutral sensors, will
allow the synchronization of the power converter to operate
normally. Zero sequence compensation will also explore the
use of the high-frequency signal in order to boost the mea-
surement process.

This paper is organized as follows. In section II, a novel
modeling technique will be used to analytical highlight the
coupling between the positive, negative and zero current
sequences with non-balanced loads and voltage unbalances.
The proposed analysis allows for obtaining the expressions
of the complex current vectors at the αβ0 reference frame
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Fig. 1. Schematic for power converter and load connection to the point of
common coupling. Loads can be both 3φ or 1φ.

from the values of the voltages and loads at the abc reference
frame. The method is valid both for the analysis at the
fundamental frequency, but also when a high frequency signal
is injected by the converter. In section III, the proposed
compensation method for the negative sequence current using
a high frequency signal injection for the measurement of the
unbalance from the converter-side current sensors is explained.
The development includes the needed theoretical expressions
as well as the signal processing. In section IV, the proposed
zero sequence compensation is included. The method includes
to main features: 1) the use of an special sensor arrangement
in order to increase the resolution of the zero sequence voltage
and 2) the use of a repetitive controller for the compensation
of the zero sequence current. Finally, in section V, simulation
results both for the negative sequence current and the zero
sequence voltage are shown.

II. SYSTEM MODELING

Modelling of the system shown in Fig. 1 can be done both
in the stationary reference frame (α, β, 0) or in a synchronous
reference frame (d, q, 0). In this paper, the αβ0 reference frame
is used, since it leads to a simpler formulation in the presence
of unbalances [19]. Considering RL elements for describing
the system impedances, the voltage equation (which can be
applied between any two nodes, and particularly at the PCC,
in Fig. 1) is given by (1).

vabc = Rabciabc + Labc
diabc

dt
(1)

Transformation from abc to αβ0 is defined in (2a) for the
currents and voltages and in (2b) for the impedances, being
the A matrix transformation defined in (3)

xabc = Axαβ0 (2a)

Zαβ0 = A−1ZabcA (2b)

A =

√
2

3

⎛
⎜⎝

1 0 1√
2

− 1
2

√
3

2
1√
2

− 1
2 −

√
3

2
1√
2

⎞
⎟⎠ (3)

Unbalances in the distribution network impedance can be
represented in the αβ0 reference frame using the following
procedure. The general model for the impedance matrix in an
stationary reference frame aligned with the spatial angle of
the load i (θi

e in Fig. 2), and neglecting the cross-coupling
between the phases, is represented by equation (4)

Fig. 2. Axis orientation for system loads (αiβi) and general stationary
reference frame axis (αβ).

Zαβ0i =

⎛
⎝

Zααi 0 0
0 Zββi 0
0 0 Z00i

⎞
⎠ (4)

on (4), each load is represented by the i subscript. For the
case the load is balanced, Zααi = Zββi = Z00i. Rotating the
impedance matrix to the αβ0 reference frame and considering
n loads, leads to (5).

Zαβ0 =
n∑

i=1

⎡
⎣ΣZi

⎛
⎝

1 0 0
0 1 0
0 0 1

⎞
⎠ (5)

+ ΔZi

⎛
⎝

cos θi
e − sin θi

e

√
2 cos θi

e

− sin θi
e − cos θi

e

√
2 sin θi

e√
2 cos θi

e

√
2 sin θi

e 0

⎞
⎠
⎤
⎦

In (5), ΣZi and ΔZi can be defined as (6) and (7) respectively.

ΣZi =
Zααi + Zββi

2
=

Za + Zb + Zc

3
(6)

ΔZi =
Zααi − Zββi

2
=

Za + a · Zb + a2 · Zc

3
(7)

θi
e is the spatial angular phase of the unbalance load and a =

ej2π/3. For example, for single phase loads at phases u, v, w,
θi

e equals 0, 2π/3 and 4π/3 respectively.
By substituting (5) in the voltage equation (1) expressed

in the αβ0 reference frame, and considering steady state
conditions, the resulting current vector (iαβ) is given by (8)
and the homopolar component (i0) by (9).

iαβ =V +
αβ

n∑

i=1

[
ΣYie

jωet + ΔYie
−j(ωet+θi

e)
]

(8)

+V −αβ

n∑

i=1

[
ΣYie

−jωet + ΔYie
j(ωet−θi

e)
]

i0 =

n∑

i=1

[
V 0

αβ

1

ΣZi
sin (ωet + φe) (9)

+
ΔYi

ΣYi

√
2Iαβ sin

(
ωet + θi

e

)]

where ΣYi = ΣZi

ΣZi
2−ΔZi

2 , ΔYi = − ΔZi

ΣZi
2−ΔZi

2 , ωe is the
grid frequency, φe = arctan (vαβ), Iαβ is the magnitude of
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the current vector and V +
αβ , V −αβ and V 0

αβ are the positive,
negative and zero sequence magnitudes of the voltage vector.

The above expressions have been evaluated by numerical
simulation. For that, different changes at the phase impedance
values as well as the phase voltages were applied. The results
given by the proposed expressions have been compared with
the results of a simulation in the abc reference frame and
validated once both approaches were in close agreement.

Figures 3, 4 and 5 show, respectively, the voltage vector at
the αβ0 reference frame, the considered grid impedance and
current vector at the αβ0 reference frame. The simulation is
carried out for a three phase system in a wye-connection with
neutral configuration. The different test conditions are follow-
ing enumerated: Initially, the system is at balanced condition.
As expected, ΔZ = 0 and the angle of the asymmetry is also
hold at zero. At t = 0.1s, the impedance from the three phases
is changed from 180deg to 60deg for phase a, from 180deg
to −90deg for phase b and from 180deg to 90deg for phase c.
Consequently both ΣZ and ΔZ vary from 1p.u. to 0.33p.u and
from 0p.u. to 0.7p.u. respectively. It is also important to note
that the θ value is equal to the unbalance orientation, resulting
in a value of 21deg. In summary, the unbalance level is
codified by the ΔZ level and the θ angle provides its direction.
The effect of the unbalance is coupled to the current vector
components, as shown in 5. When the impedance unbalance is
applied, the negative sequence component of the current vector
(I−αβ) is modulated according to the developed expressions.
Considering the neutral connection, an homopolar current (I0)
flows into the system.

Effects of a direct unbalance of the voltage vector at the
PCC is analyzed starting at t = 0.2s. Phase b is lagged 90
respect to previous situation. Simultaneously, the impedance
of phase b and c is changed to zero and the module of phase
c is decreased to 0.7p.u. As expected, this causes a negative
sequence voltage to be applied into the system and a variation
in the resulting zero sequence voltage. Finally, at t = 0.3s,
the voltage disturbance is cleared but the impedance values
are kept unbalanced with |Za| = 0.8p.u., |Zb| = 1 p.u. and
|Zc| = 0.7 p.u. This results in a variation of the negative
sequence current and in the homopolar voltage as well.

From (8), it is clear load unbalances will cause negative and
zero sequence currents to appear, which potentially will create
an unbalance in the grid supplied voltages. Compensation can
be done by injecting a negative and zero sequence currents in
opposition to the respective unbalanced currents [12]. There
are several methods proposed in the literature to compensate
for this, all of them requires to separate (filter) the negative
and zero sequences from the positive one and to cancel it out
by using negative and zero sequence current controllers [12],
[13]. In the following section, a compensation method based
on the injection of a high frequency signal is proposed. The
method will enable the measurement of the grid impedance
from the converter side currents, thus leading to a sensorless
compensation.

Fig. 3. Simulation results for the voltage at the PCC. From top to bottom: a)
phase voltages, b) α, β components, c), d) and e) are the positive, negative
and zero components of the voltage vector.

III. HFS-BASED UNBALANCE COMPENSATION

The current equation (8) is valid for any excitation voltage
with fixed frequency. Adding a balanced high frequency (ωc)
carrier-signal voltage, vhf+

αβ , as denoted by (10), to the voltage
at the PCC, results in a high frequency current (11) that shows
a negative sequence component which is determined by the
impedance unbalance. However, two fundamental differences
exist compared to the fundamental excitation: 1) as the high
frequency voltage is created by the converter and superim-
posed to the fundamental voltage, the resulting high frequency
converter current, ihf

C , contains the unbalance information,
hence, is not needed to measure the current at the load, il,
or at the grid side, ig, to proceed with the compensation (see
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Fig. 4. Simulation results for the grid impedance as seen from the PCC. From
top to bottom: a) module of the impedance, b) phase of the impedance, c)
mean impedance, d) differential impedance and e) asymmetry angle.

Fig. 1); 2) filtering the negative sequence current from the
positive one is easier at higher frequencies, since there is more
spectral separation. This will allow to increase the resolution
of the system to light unbalanced conditions.

vhf
αβ = V hfejωct (10)

ihf
αβ = V hf

n∑

i=1

[
ΣY hf

i ejωct + ΔY hf
i ej(−ωct+θi

e)
]

(11)

Adding the appropriate value of negative sequence high
frequency voltage allows to fully compensate the negative

Fig. 5. Simulation results for the grid currents at the PCC. From top to
bottom: a) phase currents, b) α, β components, c), d) and e) are the positive,
negative and zero components of the current vector.

sequence current arising from (11). Applying (8) to the carrier
frequency and forcing ihf−

Cαβ to be zero leads to

vhf−
αβ = vhf+

αβ

−ΔY hf
i ejθi

e

ΣY hf
i

. (12)

As the information of the load unbalance is still included in
vhf−

αβ , the proper correction action at grid frequency can be
derived from this value.

In regard to the high frequency excitation signal, its mag-
nitude and frequency values can be tuned separately. From
a power quality perspective, increasing the frequency and
reducing the magnitude is preferred. However, this reduces the
signal to noise ratio of the method. Additionally, the injected

4802



G.2 Sensorless Unbalance Correction as an Ancillary Service for LV 4-Wire/3-Phase
Power Converters 243

–

Impedance 

model

+

neg. seq. 

regulator

current

regulator

20 Hz

20 Hz

1 Hz

-ωc -ωe ωcωe

vPCCαβ

vCαβ

vCαβ

hf −

vCαβ

    −

vCαβ

hf +*

iCαβ

hf −

iCαβ

*
iCαβ

ωe

e jωc

e j2ωc

e–jωc

|| fft (iCαβ)||

0

1+
+

+ +

–

+

+

– + Lf  s + Rf

Fig. 6. High frequency signal injection and signal processing. Spectrum
showing the main components of the converter current (ic) is shown on the
lower right corner.

frequency should not be a harmonic of the fundamental fre-
quency, in order to avoid the reaction of any existing harmonic
compensator connected to the grid [20]. For this paper, the
values shown at Table I have been chosen.

The control scheme shown in Fig. 6 is used to compensate
for the negative sequence current at grid frequency. A positive
sequence high frequency (333Hz) carrier voltage, vhf+

Cαβ , is
added to the converter voltage, causing a negative sequence
component to appear in the converter current at the same
frequency, ihf−

Cαβ . Provided that the grid side is free from
this frequency component and mostly balanced, this negative
sequence component is the same that could be observed at
the load, i.e. ihf−

Cαβ = −ihf−
lαβ . This negative sequence current

is obtained from the converter current and controlled to be
zero by using two PI regulators, one per each axis. The
output of this regulator, vhf−

Cαβ , is used to estimate the negative
sequence to be added at grid frequency to the converter
voltage, v−Cαβ , in order to achieve the compensating objective.
An unbalance impedance model is used to relate injections at
both frequencies, provided that a linear load is connected to
the PCC.

IV. ZERO-SEQUENCE COMPENSATION

Zero-sequence currents arises in the LV distribution system
as a consequence of both unbalanced and non-linear loads.
The local compensation of zero-sequence currents in order to
avoid their propagation upstream from the PCC is a desirable
ancillary service for power converters, though only four-wire
topologies are valid to comply with this function. This task
can be easily done by measuring the zero-sequence current
at the grid side and implementing a closed loop strategy
for compensating it. Unfortunately, this requires not only an
additional sensor but also the connection or communication
between distant points. A theoretical alternative comes from
the compensation of the zero-sequence voltage at the PCC,
which could be calculated from the grid phase-voltage sensors
of the VSC. However, the use of three voltage sensors ranged

Lf

C

Rf

vNn

va

vb

a

b

c

n

N

VDC

Fig. 7. Zero sequence voltage compensation. Proposed sensor arrangement
for the measurement of the zero sequence component.

Repetitive 

controller

*

1+

– Lf  s + Rf
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vCn

vNn=0 vNn

1 kHz

2nd order lowpass filter

Fig. 8. Zero sequence voltage compensation. Control loop modeling based
on the use of a repetitive controller.

at full scale to measure the voltages at the PCC makes it
difficult to provide a suitable resolution in the calculation of
this value, and can be even impossible in the interconnection to
strong power systems. The arrangement proposed in Fig. 7 for
a four-leg topology is used in this paper to solve this adversity.
Two full-scale sensors are combined with a third one, ranged
at a much lower scale. The latter sensor is devoted to measure
the zero-sequence voltage component directly, by connecting
it between the grounded neutral point of the installation and
the artificial neutral point of a three-phase balanced high
impedance load, intentionally located at the converter POC.
The analytical expression for the zero sequence voltage is
given by (13).

vNn =
1

3
(va + vb + vc) = v0. (13)

After applying a second-order low-pass filter to remove the
high frequency components of vN n, a simple resonant con-
troller could be used to cancel the fundamental frequency zero-
sequence component seen from the grid side. Nevertheless, a
repetitive controller (RC) was selected for this application in
order to also remove other zero-sequence frequencies. This
is of especial interest in this type of installations in which
the massive use of single-phase non-linear loads can cause a
significant flow of tripplen current harmonics. Fig. 8 shows the
control loop, which cancels the zero-sequence components by
adding the proper signal to the modulation of the neutral leg
of the converter. Notice that, although the total modulation of
this leg contains other zero-sequence components to counteract
the effect of the traditional zero sequence injection in the other
legs, only the added output of the RC appears in vCn.

V. SIMULATION RESULTS

For the simulation results, the network topology shown
in Fig. 1 is used. The loads connected to the PCC are a
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TABLE I
SYSTEM PARAMETERS

Converter parameters Value
Power [kW] 100

DC Link Voltage [V] 850
Max Current [A] 200

Switching frequency [Hz] 5000
AC Filter Lf = 5mH , Rf = 0.2Ω

Grid impedance Lg = 1mH , Rg = 0.02Ω
DC bus capacitor [μF ] 4400

Loads
Three phase balance load Rl = 18Ω

Single phase loads Rls = 18Ω
Control tuning

Tc [μs] 100
DC voltage loop Kp = 0.2212, Ki = 80

Current control loop Kp = 55.2920, Ki = 15
High frequency parameters

Carrier voltage [V] 10.0
Carrier frequency [Hz] 333
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Fig. 9. Simulation results. Phase currents at grid for single phase loads
connected at phases a), u, t = 2s; b), v (u disconnected), t = 2.25s; c), w (v
disconnected), t = 2.5s. Load is resistive for the three cases Rl = 13.25Ω.

three phase RL load and three single phase R loads between
phases u, v, w and the neutral. These single phase loads are
sequentially connected and disconnected in order to see the
effects on the negative sequence currents. The parameters for
the simulation are given at Table I. Phase grid currents when
the single phase loads are connected are shown at Fig 9. As
clearly shown, the unbalance at the grid current is noticeable,
being, as expected, the phase carrying more current the one at
which the load is connected. The magnitudes of the negative
sequence currents for the grid and converter current vectors are
represented at Fig. 10 a), b) respectively. From Fig. 10 it is
clear that both currents have information about the unbalance.
However, using the converter current has important drawbacks
due to the poor transient response. On the other side, using
the grid current needs for additional current sensors in the
grid side or at each feeder, which increases the system costs
and decreases the reliability. For improving the unbalance
measurement using only the converter side current sensors, a
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Fig. 10. Simulation Results. Negative sequence component magnitude result-
ing from single phase load connection at the PCC. a), negative sequence
current (−50Hz) for grid current vector; b), negative sequence current
(−50Hz) for converter current vector; c) negative sequence carrier current
(−333Hz) for converter current vector.
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Fig. 11. Simulation results. a) phase voltages at PCC, b) phase currents at
grid. High frequency signal injection is activated at t = 1.5s. THD is 6%
and 3% for the voltages and the currents respectively.

high frequency signal is injected by the converter, as shown
in Fig. 6. The high frequency signal added to the fundamental
voltage command is shown at Fig. 11. Obviously, the injected
high frequency current increases the resulting THD, both in
the currents and in the voltages at the PCC. However, for the
parameters shown at Table I, the THD is below the maximum
allowed by international standards [14]–[16]. The resulting
high frequency negative sequence current (being for the chosen
high frequency frequency at −333Hz) is shown at Fig. 10 c).
From the figure, it is clear that the transient response is far
better compared to the fundamental negative sequence current
(Fig. 10 b). It is worth noting that the same bandwidth is used
for isolating the negative sequence and the negative carrier
currents (see Fig. 6). The transient shown when the three phase
balance load is connected is because the filter used to isolate
the negative carrier current can not reject the high frequency
components from the transient. Alternatives based on the use
of observers, already proposed for sensorless control of AC
drives can be used if needed. However, it is considered that
the compensation of the negative sequence current is an steady
state phenomena and, even if fast transient response is desired,
it is not an strong requirement.
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Fig. 13. Simulation results. Zero sequence compensation. (a) neutral current
at the load, (b) current at the converter neutral leg, and (c) neutral current at
the grid side.

The compensation results for the grid phase currents are
shown at Fig 12. The unbalance, though not totally compen-
sated, is noticeable reduced. In Fig. 13, the proper compen-
sation of the zero sequence component is demonstrated. The
neutral current at the load is presented in Fig. 13.a). As it can
be seen, two single-phase loads are connected to phase u at
time 0.05s and one of them is disconnected at time 0.2s to
test transient performance. The application of the RC proposed
in this paper together with the special arrangement of voltage
sensors, leads to a fast compensation of grid neutral current
by the converter.

VI. CONCLUSIONS

In this paper, a method for measuring and compensating
unbalance currents for 4-wire 3-phase converters is presented.
A high frequency signal injection is used for the negative
sequence and a RC for zero sequence components. Both strate-
gies allow a sensorless high-resolution alternative for unbal-
ance compensation. A model considering unbalance loads and
voltages has been developed. This model allows to estimate
the negative sequence currents generated by the unbalance
loads as well as by the cross coupling terms. From the general
model, a high frequency model which show the resulting high
frequency current in the presence of unbalance conditions has
been obtained.
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Abstract—This contribution explores the possibility of improv-
ing the global efficiency of three-phase inverter-based distributed
resources (DR) embedded in low-voltage (LV) distribution feed-
ers, by the adaptation of their switching frequency (SF) to the
operation point of both the converter and local loads. The core
of this proposal lies on the fact that in a good number of
applications, in both services and residential sectors, the owner
of the DR is also in charge of the losses caused in the local
electric power system (EPS). This fact leaves room for a global
optimization of the power losses, i.e, converter losses will be
considered together with those losses caused by the current
harmonics injected into the local grid. A dynamic adaptive SF
frame of the DR is considered in this proposal to allow its
operation beyond its rated frequency at light loads, subjected to
the thermal constraints of the device. Simulation results obtained
using PLECS software as well as an experimental validation of
the method are included.

I. INTRODUCTION

The soaring use of inverters in distributed generation and
energy storage applications has increased the attention paid to
the efficiency of these devices in recent years. The efficiency
of power converters interconnected to the EPS is influenced by
regulations such as [1], which states limits for the harmonic
current injection of these devices at the PCC. In common
applications, such as solar and wind, power converters operate
rarely at rated values, being the efficiency at light loads a
source of great concern [2]. According to [3], the tests to
comply with [1] takes only into account the first 40 harmonics.
This allows using relatively low switching frequencies (SF),
typically higher than 3 kHz, as the high-frequency harmonics
induced by PWM will be in this case over the stated limit.

The efficiency of the inverter as a separate unit is the only
concern of the owner when he is not responsible for the losses
upstream. In this case, once verified that the selected switching
frequency complies with the harmonic emission limits, it
can be maintained constant at any operating condition. In
most cases, increasing the SF reduces the efficiency of the
device due to the rise of the converter switching losses, while
decreasing this parameter could make the device not conform
with [3]. Notice that the tests must be conducted not just at
100% but also at 66% and 33% of the output rated current.

In a good number of common applications, e.g. PV and
small wind turbines used in residential buildings and con-
nected to the LV grid, the owners of the DR are also re-
sponsible for the local losses caused by the inverter current

harmonics both in the line and local loads, up to the metering
location at the distribution transformer (either on the LV
or MV side). In assessing the efficiency of the DR in this
scenario, the inverter losses should be taken into account
together with the distortion losses caused in the local grid.
Furthermore, the high impedance of the transformer at high
frequencies allow us to neglect those losses up from this point.
Even if by design, a thermal constraint in the increment of the
SF at rated power is likely to exist, the possibility of operating
the device at higher frequencies when working at light loads
is still there. Increasing the SF rises the converter switching
losses but reduces the distortion losses in the local grid at the
same time. This fact, together with the great advances carried
out in recent years in the field of grid impedance estimation
techniques [4]–[9], opens the door for a dynamic optimization
of the SF capable of achieving an improved overall efficiency.

In Section II a study of the effect of the SF on the harmonic
emission in three-phase VSCs is carried out. Three-phase two-
level inverters with first-order inductive filters are considered,
as one of the preferred technologies in LV applications. The
evaluation of inverter losses, considering thermal constraints,
is presented in Section III. Section IV deals with the estimation
of the distortion losses caused by the inverter in the local grid.
The proposed method for the on-line optimization of the SF
is described in Section V. Section VI presents a case study
to demonstrate the validity of the proposal and experimental
results are given in Section VII. Finally, the conclusions of
the study are drawn in Section VIII.

II. SWITCHING FREQUENCY AND CURRENT HARMONICS

As a general rule, a higher SF leads to a displacement of the
harmonic spectrum of the voltage at the converter’s terminals
to a higher frequency range. Consequently, the inductive
behavior of the filter and grid upstream yields to a reduction
in the induced current harmonics due to the higher impedance
of these inductances at the new frequencies. However, it
is important to note that the IGBTs’ dead-time limits the
validity of the said statement, leading to the emergence of
low-frequency harmonics (mainly 5th and 7th order) [10], [11]
with a growing impact at higher SFs. Nevertheless, this effect
can be mitigated by current regulators, whose bandwidth use
to fall within these values. Fig. 1 shows the current distortion
of an inverter given by the parameters shown in Table I as a
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Fig. 1. Current TRD as a function of the SF for different frequency bands.
Effect of the dead-time in low-frequency harmonics

function of the SF. This distortion has been reported as the
total rated-current distortion (TRD) according to [1], which
can be defined as the total root-sum-square of the current
harmonics created by the DR unit divided by the rated current
capacity of that unit, In. In Fig. 1, TRD has been split in two
terms, TRDlf and TRDhf using the 40th harmonic included
in [3] as a limit between low and high frequencies. Thus, those
parameters can be related as

TRD =
√

TRD2
lf + TRD2

hf , (1)

which allows to show the different behavior of the theoretical
PWM harmonics and the non-idealities induced by the dead-
time. As it is shown in Fig. 1, the effect of the dead-
time reaches such an importance in TRD that increasing
the SF over a certain limit becomes counterproductive. The
use of dead-time compensation techniques [12], [13] could
potentially raise this limit. It is also interesting to point out
that the results shown in Fig. 1 are independent of the load
of the converter, as only the fundamental component varies
on a significant scale with this parameter. On the contrary,
the values shown is this graph can be affected to some
extent by the system impedance at the converter terminals,
especially in weak systems. This suggests that an online
measurement of harmonic distortion will provide better results
than a theoretical estimation. Nonetheless, the simplicity of
this estimation can be valuable in most cases.

III. CONVERTER LOSSES AND THERMAL LIMITS

Converter losses, PV SC , are mainly determined by switch-
ing losses, Psw, and conduction losses, Pcd [14], [15]. Other
issues should be considered when assessing the efficiency of
these devices, such as cooling power; however, as they are
not normally affected by the SF, they will not be considered
in this work. Switching losses are strongly influenced by the
SF, fsw, as well as the load of the converter, c. Even if the
power factor of the converter also affects this parameter due
to variations in the commutation phenomenon, this effect is
hardly noticeable and can be neglected with little error for the
aim of this study. As increasing the SF results in a proportional
rise of switching events, the relationship between SF and

TABLE I
CONVERTER PARAMETERS

Hardware
Grid voltage Vrms = 400 V, f = 50 Hz
Rated power/current S = 30 kVA, In = 43.3 A
System impedance Ideal grid
Coupling inductor Lfilter = 1.0 mH, Rfilter = 0.16 mΩ
DC link vdc = 800 V, C = 350 μF
IGBT modules 2MBI200HH-120-50
Dead-time td = 1 μs
Control
PWM Type Sym. regular sampled w/ 3rd harm. injection
SF at rated power fsw = 3 kHz
PLL Dual SOGI
Anti-aliasing filter Butterworth 2nd order, fc = fsw/2
Current reg. bandwidth 300 Hz
Power factor 1

switching losses is almost lineal. Conduction losses, for its
part, are mainly affected by the load of the converter, and in
a more subtle way, by the SF due to the increased current
distortion that arises at lower frequencies. Taking these facts
into consideration, an approach to the converter losses, taking
c and fsw as parameters, can be faced up by using

PV SC(c, fsw) = Psw(c, fsw) + Pcd(c, fsw). (2)

The assessment of the aforementioned power losses for the
specific IGBT power modules mounted in the converter used
for the experimental validation included in Section VII, is
shown in Fig. 2. To obtain the said graph, a PLECS model
of the converter was implemented. This model includes the
thermal performance of the IGBT power modules, which
allows to depict the operational constraints of the converter
in terms of SF. Thus, the imperative derating of the device
is shown in Fig. 3. This figure was calculated for each SF
by assessing the load level of the converter at which the
junction temperature of the solid state devices equals the
temperature reached at rated values. The inclusion of these
data in a two-dimensional look-up table together with the use
of interpolation, is enough to obtain a good estimation of
converter losses as a function of c and fsw in the optimization
scheme proposed in this work. The exploitation of this table
for control purposes by operating the converter at variable SF
is analyzed in Section V. In any case, it is clear from Fig. 3
that if the SF command f∗

sw lies on the forbidden area of the
graph, it has to be reduced to the nearest feasible value, f∗∗

sw.

IV. DISTORTION LOSSES IN THE LOCAL GRID

Even if limited by regulations, the injection of current har-
monics into the distribution grid can cause significant power
losses that are classified in two categories: (1) copper losses in
the distribution line and distribution transformer and, (2) power
losses in local loads. Notice that additional losses could exist
upstream from the distribution transformer which are not on
the Local EPS owner’s responsibility. However, this term can
be neglected not only because of the low value of the resistive
contribution from the MV level when compared with the LV
side, but also because of the low capability of high-order
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Fig. 3. Thermal constraints for variable SF operation

current harmonics to travel deep into the EPS. Fig. 4 shows a
layout of the benchmark system considered in this paper. The
Local EPS, with embedded DRs, is connected to the Area
EPS through a distribution transformer, being the metering
devices connected either in the MV or LV side according to
the ownership of this piece of equipment. Both the DRs and
the local loads are connected to the distribution line. Those
local loads located close to the power converters are more
prone to suffer from distortion losses. In Fig. 4, a local load
is connected directly to DR point of coupling, PC, to highlight
this phenomenon. The effect of the distortion power in local
loads is different according to the type of device (motor,
lighting, heating, etc.) and its nature (linear/non-linear). In any
case, distortion power can be, as a general rule, considered
undesirable [16]. Different types of penalization criteria could
be considered in order to take into account the harmful effects
of higher levels of injected current distortion in particular
loads, e.g. cost associated to the loss of life. However, in
this work only the cost associated with the power transmitted
at non-fundamental frequency is taken into account. A pure
resistive load is considered in this contribution as the easiest
way to underline the benefits of the proposal.

A precise calculation of the power transmitted by the
converter at harmonic frequencies can be done by assessing
the expression

Plosses = Re{
N∑

i=2

vPCi · i∗convi}, (3)

TransformerAC-Grid

PCC

Area EPS Local EPS

Lline Rline

Distribution line

Local

loads
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Distributed Resource
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v
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i
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Fig. 4. Area EPS with embedded DRs
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where iconvi and vPCi are the power invariant space vector
harmonic components of the converter current and voltage at
its point of coupling, obtained by applying the DFT algorithm.
For the practical implementation of (3), natural sampling of
voltages and currents at SF is not enough due to Nyquist limit,
but oversampling can help in complying with these require-
ments. In any case, other simplified methods such as Goertzel
algorithm [17] are better suited for on-line applications [18].
In this light method, just a selected number of harmonics
are identified, which can be enough to calculate the resistive
component of grid impedance, Req, at the most significative
bands of the spectrum. This reduced set of values can be used
together with the expected injection of current harmonics, as
given in Fig. 1, to formulate a good estimation of the said
power losses. Fig. 5 shows the value of Req for the installation
depicted in Fig. 4, with the parameters shown in Table II.
The identification of just 3 impedance values, one at the low-
frequency band (5th or 7th) and two at the two lower PWM
frequency bands (e.g. fsw −2fm and 2fsw −fm, fm being the
modulation frequency), can be enough to estimate distortion
losses by using

Plosses ≈ 3I2
n ·

(
R5fm

eq · TRD2
lf + Rfsw−2fm

eq · TRD2
hf1

+ R2fsw−fm
eq · TRD2

hf2

)
. (4)

Notice that with this aim, TRDhf has been segregated in two
components, TRDhf1

, for the harmonic band around the SF
and TRDhf2

, for the rest of higher frequency values. The
specific contribution of these components can be observed in
Fig. 1.
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V. ON-LINE OPTIMIZATION OF THE SWITCHING

FREQUENCY

The fundamentals of the on-line optimization of the SF
proposed in this work are schematically summarized in Fig. 6.
The inputs for the algorithm are the space vector of the
converter current, which is already available as calculated from
current samples for the operation of its inner controller, and
the resistive component of grid impedance for the different
frequency bands considered in Section IV. The application of
a look-up table system together with a SF sweep allows the
on-line calculation of the PLocal EPS vs. fsw curve for the
present operating point. With this aim, the converter losses,
PV SC , are obtained from a 2D-look-up table built by adding
the conduction and switching losses of the specific converter
according to (2). A set of three 1D-look-up tables, built from
the distortion data depicted in Fig. 2, provides the TRD
of the converter at the different frequency bands for each
SF used in the sweep. From these results, the losses at the
line and local loads, Plosses, are obtained by using (4). The
addition of both converter and line and local loads losses at
each SF leads to the desired curve. Then, the minimum of
this curve is identified, which gives the optimum losses at
the local EPS and, even more important, the optimum SF
for the current operating point. Notice that the bandwidth of
the SF command, f∗

sw, must be much lower than the inner
controllers of the inverter not to interfere with its dynamic
performance. As a consequence, a low update rate of this
command is acceptable and the required computational burden
can be assumed by the controller without a significant effort
either in a synchronous or asynchronous scheme. In order to
avoid the effect of noise in the sampled parameters, as well
as steep frequency variations due to sudden changes in the
inverter load level or in the grid impedance – due to the
connection/disconnection of local loads, a first-order low-pass
(FLP) filter is used to smooth the frequency command.

Although not depicted in Fig. 6 for the sake of clarity,
the frequency command, f∗

sw, should pass a final limitation
stage in order to make the control compatible with the thermal
constraints shown in Fig. 3. As already stated in Section III,
if the pair (f∗

sw,c) lies in the forbidden area of this graph, the
SF command is reduced to the maximum SF compatible with
the present converter load level, f∗∗

sw.

TABLE II
INSTALLATION PARAMETERS

Transformer
Rated power Sn = 100 kVA
Short-circuit impedance & resistance Zpu = 0.06, Rpu = 0.01
Distribution Line
Lenght l = 200 m
Resistance Rline = 0.2 mΩ/m
X/R ratio 0.32
Local Loads
Power factor 1
Active power P = 50 kW
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VI. CASE STUDY

In this section a case study is used to illustrate the ad-
vantages of using an overall efficiency optimization of the
DR within its Local EPS. With this aim, the LV distribution
feeder and the distributed generator (DG) depicted in Fig. 4
are considered. The parameters of the grid infrastructure are
shown in Table II while those from the inverter-based DG
are given in Table I (except for the system impedance, that
for this case study is derived from Table II). Fig. 7 shows
the total losses in the Local EPS, together with its different
components, i.e. converter losses and grid & local loads losses
for a DR working at 20% of its rated power with unity power
factor. It is concluded from this drawing that increasing the SF
from the design parameter, 3 kHz, to 9 kHz, reduces the Local
EPS losses in a 44.6%, and improves the overall efficiency at
this load level (i.e. the ratio between the Local EPS losses and
the power delivered by the converter) in 1.20%.

Fig. 8 expands the analysis to different load levels of the
DR. As it is depicted in this figure, connecting the values
of the minimum Local EPS losses at each converter load
level, c, leads to the optimum trajectory of the inverter SF.
Furthermore, the thermal limit of the device is also given in
Fig. 8. This limit is established by calculating the maximum
acceptable SF at each load level, which is determined by the
frequency that leads to the design temperature (i.e. the one
obtained at 3 kHz and rated power). From the said graph it
can be concluded that for the device under test, a variable SF
mode with losses optimization is only feasible for loads lighter
that 80% of rated power. Moreover, it is also observed that the
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benefit of the proposal is much more relevant at light loads:
e.g. the saved power is higher at 20% than at 80% on both
relative and absolute terms (72 W vs. 21 W and 1.20% vs.
0.09%).

Fig. 9 shows simulation results of the application of the on-
line optimization method proposed in Section V to the present
case study. An update rate of 10 ms was used for the SF
command and a bandwidth of 0.6 Hz was selected for the FLP
filter. The SF sweep included in the algorithm is conducted
with a resolution of 100 Hz in order to limit the computational
burden. As it is shown in Fig. 9 (a), the converter load level
is started at c = 20% and increased to c = 80% after 2 s
always with unity power factor. Moreover, the local loads
stay at rated power according to Table II and are reduced to
50% of this value, i.e. 25 kW, at 4 s. Fig. 9 (b) shows the
effect of the steep variation on the resistive component of grid
impedance induced by the local load reduction, together with
the slight changes caused by the modification of the SF along
the process. The optimum SF value obtained by the algorithm
along with the final SF command is depicted in Fig. 9 (c). The
converter is started with a conservative SF value of 5 kHz
and, from this instant, the algorithm competently tracks the
optimum SF increasing the efficiency of the installation. In
Fig. 9 (d) the optimum and real power savings, compared to
a traditional operation of the DR at constant SF, are depicted.
As expected, greater power savings are obtained with the
converter working at light loads as well as with and increased
value of the resistive component of grid impedance.

VII. EXPERIMENTAL RESULTS

Two sets of experimental tests were carried out in this work:
the first one is aimed to prove the power saving potential of
the stated proposal, and the second, to demonstrate the validity
of the on-line SF optimization method described in Section V.

A. Test 1

The test setup used in this case is shown in Fig. 10. A
4-quadrant grid simulator, TC.ACS by Regatron, is used to
emulate the electric system, 400 V – 50 Hz, and a 0.32 mH
inductor, L1, is used to emulate the LV line and transformer
according to Fig. 4. An almost purely resistive air-heating
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Fig. 10. Test setup.

system with a rated power of 9 kW is used to emulate the
local loads according to the said figure. Finally, a custom-made
three-phase two-level VSC, with a rated power of 30 kVA and
a design SF of 6 kHz, is coupled to the grid through a 0.88 mH
inductor, L2, to play the role of the DR.

During this test the converter is operated in STATCOM
mode at a light load, 10 kVA (i.e. c = 33%), delivering reactive
power to the LV grid. Similar results are expected from other
operation modes, due to the small influence of the power factor
in converter losses, as it was stated in Section II. The three-
phase voltages and currents at the coupling point of the DR
(PC in Fig. 4) were registered in steady-state for different SFs
within the range 6 kHz to 16 kHz. An off-line handling of
these measurements were carried out to calculate their DFT,
and subsequently, the losses at harmonic frequencies at the line
and local loads (i.e. those caused by the air-heating system and
stray resistance of L1) were calculated by the application of
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TABLE III
EXPERIMENTAL RESULTS – c = 33%

SF Losses Pwr. savings
Converter Line&Loads Local EPS

6 kHz 781.2 W 253.8 W 1035.0 W 0.0 W
8 kHz 790.5 W 178.4 W 968.9 W 66.1 W

10 kHz 814.0 W 139.8 W 953.8 W 81.1 W
12 kHz 836.3 W 111.2 W 947.6 W 87.5 W
14 kHz 868.1 W 91.6 W 959.7 W 75.3 W
16 kHz 896.9 W 76.9 W 973.8 W 61.2 W
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tests

(3). For the particular case of the STATCOM operation mode,
just adding the term at the fundamental frequency in (3) leads
directly to the converter losses, so finally, the losses at the
Local EPS can be computed in a simple way as

PLocal EPS =Re{∑N
i=2 vPCi·i∗convi

}−Re{∑N
i=1 vPCi·i∗convi

}

=−Re{vPC1·i∗conv1
}. (5)

Notice that this is just a particular result, valid only for STAT-
COM operation mode. In a general scheme (inverter/rectifier
mode), with the DR participating in the active power flow,
a look-up table with and estimation of converter losses as a
function of the SF and the load of the converter is to be used,
as stated in Section III.

The test results are presented in Table III and Fig. 11. As
expected, an optimum SF is obtained, capable of achieving the
minimization of system losses. As it is highlighted in the said
table, the operation at 12 kHz reduces system power losses
in 87.5 W when compared with the operation at the design
value. This means a reduction of around 8.4% of the losses
at this operation point, and an improvement of the Local EPS
efficiency of 0.87%.
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B. Test 2

Slight changes are introduced in the test setup for this case.
The 30 kVA converter is now operated in inverter mode to
effectively replicate the performance of a DR. With this aim
the DC-bus of the converter is fed from the Li-Ion battery
shown in Fig. 10 through a DC-DC stage. Furthermore, the
converter is now coupled to the utility grid, 400 V – 50 Hz,
through a dedicated distribution line and transformer according
to the values shown in Table II. Four separate air-heating
systems, each with a rated power of 9 kW, are used to
emulate the local loads. The connection/disconnection of these
systems allows to test the effect of a sudden change in system
impedance.

The custom-made converter is operated through a con-
troller using a TI C2000 DelfinoTM TMS320F28335 MCU.
The algorithm described in Section V was included in the
firmware with the LUT system embedded in non-volatil RAM
memory. Moreover, a variable SF inner current controller for
the converter was specifically designed for this test, including
an adaptive tuning of the associated regulators.

During the test the converter is started at a light load,
2.8 kVA (i.e. c = 9.3%), delivering active power to the
grid with unity power factor. After 1 s the converter load
level is increased to 17.1 kVA (i.e. c = 57.1%) and then to
26.9 kVA (i.e. c = 89.8%) at time 4 s. Fig. 12 shows the
phase current of the converter during these variations together
with the performance of the SF in reaction to those load step
changes. Finally, at time 7 s one of the air-heating systems
is added to the three devices already connected to the local
grid, thus shifting the local demand from 27 kW to 36 kW. As
predicted, the consequent change in system impedance at the
converter point of coupling causes a variation of local losses
moving the optimum value of the SF.

VIII. CONCLUSIONS

This work presents an operation strategy for DRs based on
an adaptive SF framework with the aim of achieving an overall
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improvement of the efficiency within the Local EPS. The
proposal demonstrates the interest in considering the converter
losses together with the induced harmonic losses in the local
line and loads when the ownership/operation of both assets
are held by the same entity. The thermal limits of the power
modules used in the inverter have been taking as a constraint in
order to assure a safe operation of the device beyond its design
SF when working at light loads. A LUT-based system, valid
for an on-line implementation, was designed to provide the
DR with a smart regulation of its SF. The results demonstrate
that an improvement of the overall efficiency of the system at
light converter loads by about 1% is readily achieved with the
proposed method.
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